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7. EFFECTS ON LABORATORY MAMMALS 
AND IN VITRO TEST SYSTEMS 

7.1 Single exposure 

7. I. I Lethality 

In a study to determine the acute toxicity of four zinc 
compounds (acetate, nitrate, chloride and sulfate) administered by 
the oral or intraperitoneal route to male Swiss mice and male 
Sprague Dawley rats (Table 20), the majority of deaths occurred 
during the first 48 h. The clinical and physical signs of toxicity 
included miosis, conjunctivitis, decreased food and water consump- 
tion, haemorrhage and haematosis in the tail. These effects were 
reported to diminish with time, indicating rapid elimination of zinc 
from the body. The acute toxicity of zinc varied with the zinc salt 
used, and ranged from 237 to, 623 mg/kg in rats and from 86 to 
605 m g k g  in mice after oral administration; the acute toxicity 
following an intraperitoneal dose ranged from 28 to 73 mg/kg in rats 
and from 32 to 115 mg/kg in mice (Doming0 et al., 1988). LCso 
values following inhalation exposure to zinc chloride were 
11  800 mg/min per m3 in mice (Schenker et al., 1981) and 
2000 mg/m3 in rats (Karlsson et al., 1991). 

Acute studies: summary of key findings 

. 

7.1.2 

Zinc chloride can produce significant lung damage in rats when 
instilled directly into the lung; zinc oxide, by contrast, does not 
produce lung damage even when administered at relatively high 
concentrations. This is possibly due to the respective solubilities of 
the two compounds: zinc chloride is readily soluble in water whereas 
zinc oxide is not. Zinc chloride induces intra-alveolar oedema which 
closely resembles the effects of inhaled zinc oxide/hexachloroethane 
smoke in experimental animals. (Zinc oxide/hexachloroethane when 
burned produces zinc chloride with a residue of zinc oxide.) The 
oedema correlates with increased levels of protein in the lavage fluid 
fraction, which represents a plasma exudate. Onset is very rapid, 
with the greatest effects generally being noted within 3 days when 
high doses are used. The condition was found to regress between 
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EHC 221: Zinc 

Table 20. Acute lethal dose toxicity of various zinc compounds in rats and 
mice: LDso values (mg/kg)a 

Compound Route of administration 

Rats Mice 

Oral Intraperitoneal Oral Intraperitoneal 

Zinc acetate 
as zinc: 

Zinc nitrate 
as zinc: 

Zinc chloride 
as zinc: 

Zinc sulfate 
as zinc: 

794 
237 

1330 
293 

1100 
528 

1710 
623 

162 
48 

133 
39 

58 
28 

200 
73 

287 
86 

926 
204 

1260 
605 

926 
337 

108 
32 

110 
32 

91 
44 

316 
115 

a Animals were observed for 14 days 
From: Doming0 et al. (1988). 

days 3 and 7. Key findings from these studies are summarized in 
Table 2 1. 

7.2 Short-term exposure 

7.2. I Oral exposure 

Reduced growth rates, reduced body weights and anaemia were 
observed in a number of rat studies and also in a mouse and a sheep 
study, following high oral or dietary.intakes of zinc (Van Reen, 1953; 
Maita et at., 1981; Allen et at., 1983; Zaporowska & Wasilewski, 
1992). Copper deficiency induced by high doses of zinc, was 
implicated in these effects, as copper supplementation reversed the 
zinc-induced anaemia (Smith & Larson 1946). 

Exposure to high doses of zinc was associated with pancreatic 
atrophy and histological changes in kidneys, accompanied by 
changes in kidney function in rats, mice and sheep (Maita et at., 
1981; Allen et at., 1983; Llobet et at., 1988). Changes in the liver, 
including decreased activities of cytochrome P450 and liver catalase, 
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Table 21. Key findings from acute studies in experimental animals 
~ ~~ 

Species Exposure Compound Effects Reference 

Rats (male) inhalation, 1 h zinc oxidelhexachloro- 11/40 deaths, pulmonary Brown et al 
0, 11, 580 mglminlm3 ethane oedema (1 990) 

Rats (male) intratracheal zinc chloride respiratory distress, alveolitis, Brown et al 
0, 2.5 mglkg parenchymal scarring (1 990) 

Guinea-pigs and rats inhalation (nose only), 3 h zinc oxide (median inflammatory changes in the lung Gordon et al 
2.5, 5 mg/m3 diameter 0.06 pm) at both levels of exposure (1 992) 

Guinea-pigs (male, aerosol, 3 h 
Hartley) 0, 7.8 mg/m3 

zinc oxide (projected 
area diameter 0.05 pm) capacity 

decrease in the lung volume Lam et al. (1 982) 

Rats (male, Porton intratracheal zinc oxide, zinc chloride elevated alveolar surface protein Richards et al. 
Wistar) 0.3 mglkg levels with zinc chloride exposure (1989) 

only 



Table 21 (contd.) 

Species Exposure Compound Effects Reference 

Rats (male, Porton intratracheal zinc oxide, zinc chloride intra-alveolar oedema at doses 
Wistar) 

Rats (male, Porton inhalation zinc chloride pulmonary oedema 
Wistar) 2.5 mglkg 

0, 0.25, 0.5, 1, 2, 4, 5 mglkg above 0.5 mglkg 

Sheep (weaner) drench 
39 

zinc 14/100 deaths, oedema of 
abomasum and duodenum, 
fibrosing pancreatitis 

Rabbits inhalation hexachloroethane/zinc acute inflammation of lungs, 
(New Zealand) 0, 0.6, 0.81 g/m3 pulmonary oedema at both doses 

Richards et al. 
(1 989) 

Richards et al. 
(1 989) 

Allen et al. 
(1 986) 

Marrs et al 
(1 983) 
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and decreased de novo synthesis of  high-density lipoprotein, were 
seen in rats exposed to high levels of zinc (Van Reen, 1953; Woo, 
1983; Cho et al., 1989). Minor degenerative changes in the brain, 
accompanied by elevated neurosecretion and increased activity in the 
neurohypophysis were seen in rats exposed intragastrically to zinc 
oxide for I O  days at 100 mg/day (Kozik, 198 1). 

' 

Key findings from these studies are summarized in Table 22. 

7.2.2 Inhalation exposure 

Guinea-pigs (3 per group) were given 1, 2 or 3 consecutive, 
daily, 3-hour, nose-only exposures to freshly generated zinc oxide 
particles with a projected area diameter of 0.05 pm at concentrations 
of 0, 2.3, 5.9 or 12.1 mg/m3. Exposure to zinc oxide at 5.9 or 
12.1 mg/m3 was associated with increased protein and neutrophils 
and increased activities of p-glucuronidase, acid phosphatase, 
alkaline phosphatase, lactate dehydrogenase and angiotensin- 
converting enzyme in lavage fluid. These increases were 
concentration-dependent, were detected after thc sccond exposure, 
and generally increased after the third exposure. Significant 
morphological changes observed at concentrations of 5.9 or 
12. I mg/m3 consisted of inflammation and type 2 pneumocyte 
hyperplasia in the proximal alveolar ducts. No evidence of inflam- 
mation was present in animals exposed to zinc oxide at 2.3 mg/m3. I t  
was concluded that exposure of guinea-pigs to ultrafine atmospheric 
zinc oxide at concentrations of 5.9 or 12.1 mg/m3 causes significant 
pulmonary damage. Detection of injury was stated to correlate well 
with pulmonary lavage fluid changes (Conner ct al., 1988). 

Male Hartley guinea-pigs exposed to zinc oxide at a ~ 

concentration of 7 mg/m3 for 3 h/day for 5 consecutive days showed 
pulmonary impairment (as measured by lung oedema, lung volume 
carbon monoxide diffusing capacity and pulmonary mechanics). 
Exposures at 2.7 mg/m3 using the same time frame did not cause 
pulmonary impairment (Lam et al., 1988). A single exposure at 
8 mg/m3 was also without cffect (Lam et al., 1982). Guinea-pigs 
exposed to zinc oxide at a concentration of 5 mg/m3 for 3 Wday for 6 
consecutive days showed significant reductions in vital capacity, 
functional residual capacity, alveolar volume, and lung volume 
carbon monoxide diffusing capacity following the last exposure, 
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Table 22. Key findings from short-term exposure studies in experimental animals 

Species Exposure Compound Effects Reference 

Mice 0.6 glkg of diet for zinc sulfate 
4 weeks 

Mice, 0, 300, 3000, 30 000 zinc sulfate 
rats 

Rats 0. 0.5, 1 % of diet for zinc oxide 

pglg diet for 13 weeks 

15 days 

Rats 500-700 mgllOO g zinc in zinc 
diet for 4-5 weeks carbonate 

Rats 100 mglday intra- zinc oxide 
gastrically for 10 days 

no adverse effects on immune responsiveness 

NOEL for both species was set at 3000 pglkg; retarded 
growth, anaemia and pancreatic atrophy at 3000 pglkg level 

death at 1% level; reduced body weight, reduced fat content 
of the liver and impaired bone development at both doses 

growth reduction, reduced levels of liver catalase and cyto- 
chrome oxidase activity, effects reversed by copper supplement 

elevated neurosecretion in hypothalamus, increased release 
of antidiuretic hormone in neurohypophysis 

- 

Schiffer et al. 
(1991) 

Maita et al. 
(1981) 

Van Reen 
(1 953) 

Van Reen 
(1953) 

Kozik (1981) 



Table 22 (contd.) 

Rats 100 mglday intra- zinc oxide morphological and histoenzymic changes in the brain 
gastrically for 10 days 

Rats 0, 0.12 mglml zinc as zinc decreased body weight, anaemia and increased lymphocyte 
drinking-water for chloride count 
4 weeks 

Rats 0, 160, 320, 640 mg/kg zinc acetate no effect on weight gain or on red blood cells, histological 
changes in kidneys and increased concentrations of urea and 
creatinine in plasma at 640 mg/kg body weight per day 

subnormal growth, anaemia and reproductive failure at both 
dose levels, anaemia reversed by copper supplement, growth 
retardation reversed by liver extract supplement 

body weighVday for , 

3 months 

0, 0.7, 1% in diet for 
4 weeks 

Rats zinc carbonate 

Kozik (1981) 

Zaporowska 8 
Wasilewski 
(1 992) 

Llobet et al. 
(1 988) 

Smith & Larson 
(1 946) 
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which had not returned to normal values by 72 h, although increases 
to flow resistance and decreases in compliance and total lung 
capacity did return to normal (Lam et al., 1985) 

Key findings from these studies are summarized in Table 23. 

7.3 Long-term exposure 

The long-term studies on the effects of zinc vary in quality and 
tend to be limited in their usefulness in determining chronic toxicity 
in animals, as the study design generally does not lend itself to 
elucidation of dose-related effects. The available studies do, 
however, provide some information on target organ toxicity resulting 
from zinc exposure. Key findings from these studies are summarized 
in Table 24. 

7.3.1 Oral exposure 

Osborne-Mendel rats (4 per sex per group) were fed diets 
containing zinc sulfate at 0, 100, 500 and 1000 ps/g for 21 months. 
While only minimal monitoring of toxic effects was carried out, i t  
was reported that food intake, body weights, haemoglobin values, 
and erythrocyte, leukocyte and differential counts were unaffected by 
the treatment. Microcytosis coupled with polychromasia or hyper- 
chromia appcared at 16 months in rats receiving the highest dose and 
at 17 months in the other zinc-treated groups. However, i t  was stated 
that the erythrocyte count returned to normal later in the study (time 
not specified). Counts of the bone marrow smears taken at autopsy 
revealed a dose-related decrease in the mye1oid:erythrocyte ratio in 
all of the treated groups. The kidneys of male rats in the 500 and 
1000 pg/g groups were enlarged and an increased incidence of 
nephritis was seen in male, but not female, rats (Hagan et ai., 1953). 

In a chronic study (Aughey et al., 1977), C3H mice were 
administered zinc sulfate in the drinking-water at a concentration of 
0.5 g/litre for 14 months. Control and zinc-treated mice were 
removed from the colony in groups of five pcr sex, usually at 
monthly intervals, for estimation of plasma zinc, glucose and insulin, 
tissue zinc, and histological, histochemical and electron microscopy 
examinations. Plasma zinc increascd to a plateau at levels about 
1.5-2 times those in controls within the first 30 days. Levels of zinc 
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Table 23. Key findings from repeated dose inhalation studies in guinea-pigs 

Species Exposure Compound Effects Reference 

Guinea-pigs (male 0, 2.3, 5.9 or zinc oxide (projected inflammation and hyperplasia of the lung Conner et al. 
Hartley, 3 per group) 12.1 mglm3, 3 hlday area diameter 

0.05 pm) 
at 5.9 and 12.1 mg/m3 after the second 
exposure; NOEL, 2.3 mg/m3 

(1 988) 
for 1, 2 or 3 days 

Guinea-pigs (male 0, 2.7or 7 mg/m3, zinc oxide (median oedema, decrease in total lung capacity and Lam et al. 
Hartley, 5-8 per 3 hlday for 5 days diameter 0.05 pm) diffusing capacity for CO at 7 mg/m3, oedema; (1988) 
group) 

Guinea-pigs (male 0 or 5 mglm3, 3 h/day zinc oxide (projected inflammation, decrease in vital capacity, Lam et al. 
Hartley, 18-38 per for 6 days (nose only) area diameter functional residual capacity, total lung (1 985) 
group) 0.05 pm) capacity and diffusing capacity for CO 

no effects observed at 2.7 mg/m3 



Table 24. Key findings from long-term exposure studies in experimental animals 

Reference Species Exposure Compound Effects 

Rats 

Rats 

Mice 

Dogs 

0, 0.1, 0.5 or 1 % in 
diet for up to 39 weeks 

0, 100, 500 or 
1000 pglg in diet 
for 21 months 

zinc 
carbonate 

zinc sulfate 

0.5 g/litre in drinking- 
water for 14 months 

zinc sulfate 

200 mglkg body weight 
per day in diet reduced 
to 50 mglkg body 
weightlday by week 35 

zinc sulfate 

reduction of growth at 1% and indications of anaemia in the 0.5 
and 1% groups 

Sutton & 
Nelson (1 937) 

minimal monitoring; no effect on growth and no anaemia; dose- 
related decrease in rnyeloidlerythrocyte ratio in all treated groups; 
enlarged kidneys at 500 and 1000 pglg in all male groups; 
NOEL, 4 0 0  pglg 

pancreatic hypertrophy, pituitary gland hypertrophy 

Hagan et al. 
(1953) 

Aughey et al. 
(1977) 

Hagan et al. emesis, 114 deaths, hypochromic anaemia, hyperplastic bone 
marrow (1 953) 

Bentley & Rabbits 5 mglg in diet for zinc no effects on growth, decrease in haemoglobin and.serum 
22 weeks carbonate copper concentrations Grubb (1991) 



Table 24 (contd.) 

Mink 0,500, 1000 or 1500 
mglkg for 144 days 

Ferrets 0, 500, 1500 or 3000 
mglkg for up to 
6 months 

Mice, 
rats 

0. 1.2, 12 or 120 mglm3 
air for 1 hlday. 5 days 
per week for 20 weeks 

zinc sulfate no effect on body weights, haematological parameters or survival; Aulerich 
no histological lesions in liver, pancreas or kidney; et al. (1991) 
NOEL, 1500 mglkg 

zinc oxide body weight loss, reduced food intake and death at 3000 mglkg 
on days 9-13 and at 1500 mglkg on days 7-21; diffuse nephrosis 
and active haemopoiesis in bone marrow and spleen in the 3000 
and 1500 mglkg groups; pancreatitis in one animal in each group 
at 3000 and 1500 mglkg; no toxicity observed at 500 mglkg except 
some evidence of effect on red blood cells 

Straube et al. 
(1980) 

Marrs et al. 
(1988) 

zinc in smoke no effect on body weight; increase in mortality in mice at 
produced by 120 mg/m3; macrophage infiltration of the lung in rats and mice 
ignition of zinc at the highest dose; significant increase in the frequency of 
oxidelhexa- alveologenic carcinoma in high dose mice 
chloroethane Note: carbon tetrachloride may be present in smoke 
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in the liver, spleen and skin remained unchanged. The pancreatic 
islet cells in treated mice were hypertrophied and contained an 
increased number of secretory granules; however, plasma glucose 
and insulin levels remained comparable to those in control animals. 
Hypertrophy of the pituitary gland, suggestive of a pituitary feedback 
effect. was also observed. 

Adult and juvenile mink (3 per sex per group) were fed diets 
supplemented with zinc as zinc sulfate at 0, 500, 1000 or 1500 m g k g  
for 144 days. No adverse effects on food consumption, body weight 
gains, haematological parameters, fur quality or survival were 
observed. Zinc concentrations in the liver, kidneys and pancreas 
increased in direct proportion to the zinc content of the diet. No 
histological lesions indicative of zinc toxicity were detected in the 
liver, kidneys or pancreas (Aulerich et ai., 1991). 

Ferrets (3-5 per group) were fed diets containing zinc 
administered as zinc oxide at 0, 500, I500 or 3000 mg/kg for up to 6 
months. The three ferrets in the 3000 mg/kg group lost a significant 
amount of their body weights, had greatly reduced food intakes, and 
died or were killed in e.utrernis between days 9 and 13 of the dosing 
period. The ferrets exposed to 1500 mg/kg zinc were killed at 7-21 
days, by which time they presented with poor condition, weight loss 
and up to 80% reduction in food intake. Histological examination of 
the three animals from the 3000 mg/kg group and the four animals 
from the 1500 mg/kg group revealed diffuse nephrosis and active 
haematopoiesis in the bone marrow and the extramedullary area of 
the spleen. One animal from cach dose group had acute pancreatitis. 
Haematograms indicated a scvere but responding macrocytic 
hypochromic anaemia, with high reticulocyte counts in the two 
highest dose groups. In the liver and kidneys of treated animals, the 
zinc concentration was significantly increased and the copper 
concentration was lower than control values. These changes were 
associated with a ,high concentration of iron in the liver. Increased 
incidences of elevated serum urea and blood glucose concentrations 
and decrcased serum ceruloplasmin oxidase activity were observed 
at the two highest doses, and protein, blood, glucose and bilirubin 
were present in the urine. None of the ferrets given zinc at 
500 mg/kg in the diet developed clinical signs. These animals were 
killed on days 48, 138 and 191 respectively; they showed signs of 
extramedullary haematopoiesis in the spleen and slight increases in 
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kidney zinc concentration and decreases in liver copper concen- 
tration. Although the number of animals used was small, given the 
lack of dose-response studies, the threshold of zinc toxicity in ferrets 
was proposed to be between 500 and 1500 mg/kg, with the kidney 
identified as the target organ of toxicity in this species (Straube et al., 
1980). 

The consequences of copper deficiency may bc relevant to some 
of the effects noted in studies using elevated zinc levels. The 
occurrence of anaemia in animals receiving high doses of zinc is 
generally attributed to induction of copper deficiency. Some 
otherwise unexplained effects of high doses of zinc may also be 
secondary to impaired copper utilization. Relevant studies are 
described in section 7.8. 

7.4 Skin irritation 

Zinc chloride, applied daily as a 1 %  aqueous solution in an open 
patch test for 5 days, was severely irritant in rabbits, guinea-pigs and 
mice, inducing epidermal hyperplasia and ulceration. Aqueous zinc 
acetate (20%) was slightly less irritant. Zinc oxide (20% suspension 
in dilute Tween SOO), zinc sulfate ( 1  YO aqueous solution) and zinc 
pyrithione (20% suspension) were mildly irritant, and induced a 
marginal epidermal hyperplasia and increased hair growth. Zinc 
undecylenate (20% suspension) was not irritant. Epidermal irritancy 
was related to the interaction of zinc with epidermal keratin 
(Lansdown, 1991). 

7.5 Reproductive toxicity, embryotoxicity and 
teratogenicity 

The available studies are limited in their usefulness in 
determining the reproductive and developmental effects of zinc 
owing to poor study design and inadequate reporting, although they 
do provide an indication of the effects of zinc exposure. Key findings 
from thcsc studies are summarized in Table 25. 

In a study in mice (Mulhern et al., 1986), female weanling 
C57BLi6J mice were fed diets containing zinc as zinc carbonate at a 
concentration of 2000 mg/kg until they were mated at 6 weeks of 
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Table 25. Key findings from studies on reproduction, embryotoxicity and teratogenicity in experimental animals 

Species Exposure Compound Effects Reference 

Mice 2000 mg/kg until mating zinc 
at 6 weeks of age, then 
in various combinations 
during gestation/lactation 
and after weaning; 
second generation killed 
at 8 weeks 

carbonate 

Mice 0, 12.5, 20.5 or 25 mglkg zinc 
body weight i.p. on days 8, chloride 
9, 10 or 11 of gestation 

Mouse 100 pmolllitre in vitro for zinc 
embryos 24 h at the I - ,  2-. 4- and 

8-cell stage 

in second generation mice exposed throughout gestationAactation Mulhern et 
and after weaning, elevated levels of zinc in bones, decreased al. (1986) 
blood copper levels, signs of anaemia and reduced body weights; 
alopaecia at 5 weeks, reversed at 8 weeks 

increases in skeletal defect incidence, usually ripple ribs; effects 
were dose-related and seen at all dose levels; no sofl tissue 
anomalies attributed to zinc; greatest effect at 20.5 mglkg on day 
10 of gestation, causing 4/10 deaths 

40% increase in cell death at I-cell stage; embryo development Vidal 8, 
affected more in early than late stages; relevance to fetal Hidalgo 
development uncertain (1 993) 

Chang et al. 
(1 977) 



Table 25 (contd.) 

Rats 0, 0.1%, 0.5% or 1% in 
diet for 39 weeks and 
during pregnancy 

Rats 0, 4 or 500 mglkg in 
diet for 8 weeks to 
weanlings. 

Rats 0, 500, 1000 or 
2000 pglg diet during 
pregnancy 

zinc reproduction adversely affected in the 0.5% group: all second Sutton 8 
carbonate litters dead, no further pregnancies thereafter; no pregnancy Nelson 

achieved in the 1 % group; anaemia in 0.5% and 1 % groups; (1 937) 
anaemia and sterility reversed in 0.5% group but sterility 
remained the 1% group when zinc removed from diet 

zinc testicular cell development examined only: excess zinc had Evenson 
chloride no effect et al. (1993) 

not given significant decrease in total number of pups born and increased 
percentage of stillbirths at 2000 pg1g; no increase in the incidence 
of malformations 

O'Dell (1968) 

Rats 0 or 150 mglkg in diet zinc sulfate effects on fetus assessed on day 18: incidence of resorption Kumar 
throughout gestation significantly increased in treated animals (1 976) 



Table 25 (contd.) 

Reference 

Ketcheson 
et al. (1969) 

Species Exposure Compound Effects 

Rats zinc oxide- 0, 0.25 or 0.5% in diet 
during gestation and 
14 days of lactation 

maternal body weight, gestation period and viable pups/litter 
were unattested at either dose level at birth or on day 14; 
no malformations observed in any pup; dose-related reduction 
in pup body weight; some changes in iron and copper distribution 
in newborn pups at both treatment levels 

Rats 500 mglkg in diet during zinc no effect on maternal haematocrits; no effects on litter numbers, Uriu-Hare 
gestation carbonate viability, implantation sites, fetal length and weight, placental et al. (1989) 

weights or incidence of resorptions; no increase in the incidence 
of malformations or skeletal ossification 

Rats 4000 mglkg, 18 days zinc sulfate incidence of conception reduced; no increase in stillbirths or Pal & Pal 
post coitus malformations in exposed groups (1 987) 
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age. The dams and offspring were distributed into I O  different 
dietary groups, exposing the second generation to various 
combinations during gestation, lactation and postweaning develop- 
ment. Second-generation mice were killed at 8 weeks of age. 
Second-generation mice exposed to high doses of zinc throughout 
the gestation, lactation and postweaning period had elevated levels of 
zinc in their bones, decreased blood copper levels, lowered 
haematocrit values and reduced body weights. Mice in this group 
began to lose fur at 2-4 weeks of age, with severe alopecia 
developing at 5 weeks of age, accompanied by thinner than normal 
skin. The fur grew back by 8 weeks of age, albeit lighter in colour. 

The feeding of low (4 mg/kg of diet), normal ( 1  2 mg/kg) and 
high (500 mg/kg) levels of zinc as zinc chloride to weanling 
Sprague-Dawley rats ( 1  0 males per group) for 8 weeks indicated that 
a diet deficient in zinc is associated with a significant deviation in 
the ratio of testicular cell types present in the testes, including a 
reduction in the numbers of cells in S phase and total haploid cells. 
In rats fed zinc-deficient diets, about 50% of epididymal 
spermatozoa had a significant decrease in resistance to DNA 
denaturation in situ. Excess zinc in the diet had no effect on rat 
testicular cell development as defined by sperm resistance to DNA 
denaturation, distribution of tcsticular cell types and sperm 
chromatin structure integrity (Evenson et al., 1993). 

A diet supplemented with zinc (source not identified) at 0, 500, 
1000 and 2000 pg/g, and with adequate levels of copper ( 1  0 pg/g) 
was administered to pregnant rats (strain and number not given). 
There was a significant dccrease in the total number of pups born 
and an increase in the percentage of stillbirths at the highest dose of 
zinc, but no effcct on the survival of offspring allowed to nurse for 1 
week. The data were reported to indicate that the incidence of 
hydrocephalus was increased in rat embryos of zinc-treated dams. 
However, there was no obvious correlation between dose and the 
incidence of hydrocephalic fetuses associated with the treatment: 
0.1 % in controls, 0.2% in the 500 pg/g group, 0.7% in the 1000 pg/g 
group, and 0.1 YO in the 2000 pg/g group (O’Dcll, 1968). 

Pregnant rats (10-12 per group, strain not identified) were fed a 
diet supplemented with zinc sulfate (150 pg/g) throughout the entire 
gestation period. On day 18 of pregnancy, the incidence of 
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resorptions in pregnant rats increased from 2/101 implantation sites 
in the 12 control rats (2 females affected) to 11/116 implantations in 
the supplemented rats (8 females affected) This difference was 
statistically significant, indicating that even moderately high levels 
of zinc in the diet of rats may be associated with harmful effects on 
pregnancy (Kumar, 1976). 

Diets high in zinc (0.2 and 0.5%), added as zinc oxide, were fed 
to pregnant albino rats ( I O  per group) for the entire period of 
gestation and for the first 14 days of lactation. The zinc content of 
the basal diet was 9 mg/kg. Four pups from each litter were killed at 
birth and the remaining pups were killed and examined on day 14 of 
lactation. Maternal body weights, food intake, gestation period and 
the number of viable young per litter were unaffected by the 
increased zinc levels in the diet, either at birth or on day 14 of 
lactation. Two dams fed 0.5% zinc had stillborn litters containing 
oedemato'us pups. Four stillborn pups were born to dams fed 0.2% 
zinc (number of dams not given); these pups were not oedematous. 
Anatomical malformations were not observed in any pup. The body 
weights of the newborn and 14-day-old pups in the 0.5% group were 
significantly reduced whereas the size of newborn pups, but not the 
14-day-old pups from the 0.2% group were significantly greater than 
pups from dams fed the basal diet. The dry liver weights of pups at 
birth were unaffected by the zinc treatment but were significantly 
reduced in day-I4 pups in the 0.5% group. Total zinc in newborn 
pups and day-I4 weanlings was elevated in a dose-related manner in 
pups from the dams exposed to 0.2% and 0.5% zinc. Bodies (viscera 
removed) of newborn and day-I4 pups from mothers fed the zinc 
diets contained significantly lower total iron than those from mothers 
receiving the basal diet: the reduction was dose-dependent. In 
contrast, the livers of newborns from zinc-treated dams contained 
significantly elevated total iron than the basal diet pups. These 
changes in liver iron levels were not observed in day-I4 pups. Total 
copper in the whole animal and body (viscera removed) of the 
newborn rats was not altered by the treatment. However, liver copper 
levels were significantly lower only in the newborns of mothers fed 
0.5% zinc. After 14 days, total copper was significantly lower in the 
whole animal, liver and body (viscera removed) of pups from dams 
fed both zinc diets; this reduction was dose-dependent. Livers of 
dams fed excess zinc contained elevated zinc and reduced iron and 
copper levels (Ketcheson et al., 1969). Another study reported no 

140 



Effects on Laboratory Mammals and In Vitro Test Systems 

resorption in Sprague-Dawley rats receiving 0.5% zinc as zinc 
carbonate in the diet (Kinnamon, 1963). 

Pregnant Sprague Dawley rats (8 per group) were exposed to 
basal (24.4 mg/kg of diet) or high levels of zinc (500 mg/kg) in the 
diet, supplemented as zinc carbonate, for the duration of the 
gestation period. Ingestion of high zinc levels had no effect on 
maternal food intake or on body weight throughout the pregnancy. 
Maternal haematocrits on gestational day 20 were similar in the basal 
and high-zinc groups. High dietary zinc levels had no effect on litter 
numbers, litter viability, implantation sites, fetal lengths and weights, 
placental weights or number of resorptions. There was no significant 
increase in the incidence of malformations associated with high zinc 
exposure or in the ossification of the fetal skeleton. Zinc, copper and 
iron content of the maternal liver, and maternal kidney wcights in the 
basal and high-zinc groups remained comparable. Plasma of dams 
exposed to the high-zinc diet containcd significantly increased zinc 
levels and significantly decreased iron levels, whereas copper levels 
remained similar to those found in rats fed the basal diet. The 
absolute concentrations of zinc bound to albumin and a2- 
macroglobulin proteins were significantly increased in the high-zinc 
group as were maternal liver metallothionein concentrations (Uriu- 
Hare et al., 1989). 

Exposure of Charles Foster rats (12 per group) to diets 
containing zinc as zinc sulfate at a concentration of 4000 ing/kg 
reduced the incidence of conception in females treated for 18 days 
post coitus, indicating that high zinc intake interferes with 
implantation of fertilized ova. However, exposure to this level of 
zinc 21-26 days before mating and throughout gestation for 18 days 
did not affect the incidence of conception. This apparently 
contradictory finding was interpreted to be due to an adaptation to 
zinc feeding, which is known to decrease the body burden of zinc. 
No stillborn or malformed fetuses were observed in zinc-treated 
animals in either study (Pal & Pal, 1987). 

7.6 Mutagenicity and related end-points 

Genotoxicity studies conducted in a variety of test systems have 
failed to provide evidence that zinc is mutagenic. However, there are 
indications of some weak clastogenic effects following zinc 
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exposure. The findings from genotoxicity studies are detailed below 
and are summarized in Table 26. 

7.6.1 In vitro studies 

Exposure to zinc does not increase mutation frequencies in the 
majority of bacterial or mammalian cell culture test systems 
(Nishioka, 1975; Amacher & Paillet, 1980; Kada et al., 1980; Gocke 
et al., 198 1; Marzin & Vo, 1985; Rossman et al., 1987; Thompson et 
al., 1989; Karlsson et al., 1991). However, gene mutation effects 
following exposure to zinc were observed in the TK+’-mouse 
lymphoma and Chinese hamster ovary cells in vitro cytogenetic 
assays (Thompson et al., 1989), and chromosomal effects were 
obtained in human lymphocyte cultures (Deknudt & Deminatti, 
1978). Zinc chloride did not induce mutations at the thymidine 
kinase locus in L5 178Y mouse lymphoma cells (Amacher & Paillet, 
1980) and did not induce mispairing between nucleic acid bases in 
vifro (Murray & Flessel, 1976). 

Zinc sulfate inhibited the activity of DNA polymerase-I activity 
in vifro, but had no effect on the fidelity of DNA synthesis in an 
assay measuring misincorporation of nucleotides into the new strand 
of DNA (Sirover & Loeb, 1976; Miyaki et al., 1977). Zinc chloride 
at concentrations of up to 20 pg/ml did not cause morphological 
transformation of Syrian hamster embryo cells in vitro (Di Paolo & 
Casto, 1979); however, zinc chloride and zinc sulfate gave equivocal 
results in an in vitro test for the capacity of these metal salts to 
enhance viral transformation of Syrian hamster embryo cells, 
producing enhancement in 3/6 and 3/7 trials respectively (Casto et 
al., 1979). Exposure to zinc had no effect on the induction of 
unscheduled DNA synthesis in primary cultures of rat hepatocytes 
(Thompson et al., 1989). 

7.6.2 In vivo studies 

The induction of chromosome aberrations has been studied in 
bone marrow cells harvested from animals exposed to elevated levels 
of zinc. Taken as a whole, studies of this end-point yield equivocal 
and sometimes contradictory results-a likely reflection of inter- 
study differences in routes, levels and duration of zinc exposure, the 
nature of lesions scored (gaps compared to more accepted structural 
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alterations) and great variability in the technical rigour of individual 
studies. Increased aberrations have been reported in rats after 
inhalation exposure (zinc oxide at 0.5-1.0 mg/m3 for 5 months; 
Voroshilin et al., 1978), in rats after oral exposure (zinc chloride in 
water at 249 mg/litre for 14 days; Kowalska-Wochna et al., 1988) 
and in mice after multiple intraperitoneal injections of zinc chloride 
(at 2-5 mg/kg body weight; Gupta et al., 1991). In contrast, other 
studies have produced negative findings, for example, after 
intraperitoneal injection of mice (zinc chloride at 15 mg/kg body 
weight; Vilkina et al., 1978), or have suggested that the induction of 
aberrations is contingent upon concomitant calcium deficiency. 
Those studies do not provide compelling evidence for significant 
clastogenic activity. Negative results have also been reported in the 
mouse micronucleus test (intraperitoneal injection of zinc sulfate; 
Gocke et al., 1981). Negative micronucleus test results are consistent 
with a lack of significant clastogenic activity. 

There was no increase in the frequency of dominant lethal 
mutation in germ cells of mice injected by the intraperitoneal route 
with zinc chloride at 15 mg/kg body weight (Vilkina et al., 1978). 

Zinc sulfate (5 mmolhtre), which is an almost-lethal dose) fed 
to adult Drosophila melunogaster did not increase the incidence of 
sex-linked recessive lethal mutations when tested in three successive 
broods (Gocke et al., 1981). In contrast, zinc chloride fed to adult D. 
melanogaster at 0.247 mg/ml significantly increased the incidence of 
dominant lethal mutations and sex-linked recessive lethal mutations 
in treated flies (Carpenter & Ray, 1969). 

7.7 Carcinogenicity 

No adequate experimental evidence has been found to indicate 
that zinc salts administered orally or parenterally are tumorigenic. 

Deficiency and supplcinents of zinc can have an influence on 
carcinogenesis, possibly as a result of the influence of zinc on cell 
growth (Petering et al., 1967; Barr & Harris, 1973; Phillips & 
Sheridan, 1976; Rath et al., 1991), although zinc has also been 
reported to inhibit tumour induction (Kasprzak et al., 1988). Zinc has 
been demonstrated to inhibit the mutagenic action of some genotoxic 
carcinogens (Francis et al., 1988; Leonard & Gerber, 1989) but has 
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Table 26. Genotoxicity studies with zinc 

Test Zinc source doses Concentrations of zinc Results Reference 

Non-mammalian systems 
Prokaryotes 
Gene mutation 

Salmonella typhimurium (TAI 02) 

S. typhimurium (TA98, TAIOO, 
TA1535. TA1537, TA1538) 
S. typhimurium (TA98, TA1538) 
S. typhimurium (TA98, TA100, 
TA1535, TA1537, TA1538) 
S. typhimurium (TA98, TA100, 
TA1535, TA1537) 
Bacillus subtilis H17, M45 
Escherichia microscreen assay 

h prophage induction 
Trp+ reversion 
cornutagenesis 

zinc sulfate 

zinc acetate 
zinc 2,4-pentanedione 

zinc sulfate 
zinc oxide/hexachloro- 

ethane smoke 
zinc chloride 
zinc chloride 
zinc chloride 
zinc chloride 
zinc chloride 

10-1000 nrnolllitre 
per plate 
50-7200 pglplate 
400 pg/plate 
up to 3600 pglplate 

0.05 rnol/litre 
not given 
0.4 rnmolllitre 
0.4 rnmolllitre 
0.4 rnmolllitre 

- (no S9) 

- (with and without S9) 
+ (with and without S9) 
- (with and without S9) 
- (with and without S9) 

Marzin & Vo (1 985) 

Thompson et 
al. (1989) 
Gocke et al. (1 981) 
Karlsson et al. (1991) 

Nishioka (1975) 
Kada et al. (1980) 
Rossrnan et al. (1987) 
Rossman et al. (1987) 
Rossrnan et al. (1987) 



Table 26 (contd.) 

Fidelity of DNA synthesis 
DNA polymerase 

Plants 
Chromosomal aberrations 

Vicia faba 
Insects 

Sex-linked recessive lethal test 
Sex-linked recessive lethal test 
Dominant lethal test 

Mammalian systems 
In vitro animal cells 

Gene mutation 
mouse lymphoma 

mouse lymphoma 

Chromosomal aberration 
Chinese hamster ovary cells 

zinc sulfate 
zinc chloride 

zinc sulfate 

zinc sulfate 
zinc chloride 
zinc chloride 

zinc chloride 

zinc acetate 

zinc acetate 

0.2 mmolllitre 
0.4 mmolllitre 

0.1% solution 

5 rnmolllitre 
0.247 mg/ml of food 
0.247 mg/ml of food 

+ 

+ 
+ 

0.12-12.13 pg/ml 

0-13 pglml and 
4.2-42 pg/ml 

25-45 pg/ml and 
45-80 p g h l  

+ (with and without S9) 

+ (with and without S9) 

Miyaki et ai. (1977) 
Sirover 8 Loeb (1976) 

Herich (1969) 

Gocke et ai. (1981) 
Carpenter 8 Ray 
(1969) 

Amacher & Paillet 
(1 980) 
Thompson et al. 
(1 989) 

Thompson et al 
(1 989) 



Table 26 (contd.) 

Test Zinc source doses Concentrations of zinc Results Reference 

Cell transformation 
Syrian hamster embryo cells zinc chloride 

enhancement of cell transformation zinc sulfate 
enhancement of cell transformation zinc chloride 

rat hepatocytes zinc acetate 
rat hepatocytes zinc 2,4-pentanedione 

Chromosomal aberration 

Unscheduled DNA synthesis 

In vitro human cells 

human lymphocytes zinc chloride 

In vivo animal 
Sister chromatid exchange 

sheep bone marrow cell emission dust 
rat bone marrow zinc chloride 

0-20 pglml 

0.05-0.6 rnmol/litre 
0.05-0.6 mmolllitre 

10-1 000 pg/rnl 
10-1 000 pg/ml 

3 .X I o4- 3 x  IO-^ mol/litre 

32 glday 
240 mglkg 

+/- 
+/- 

+ 

+ 
+ 

DiPaolo & Casto 
( 1979) 
Casto et al. 
(1 979) 

Thompson et at. 
(1 989) 

Deknudt & Deminatti 
(1 978) 

Bires et al. (1995) 
Kowalska-Wochna 
et al. (1988) 



Table 26 (contd.) 

Micronucleus test 
mouse zinc sulfate 0.1-0.3 mmolllitre per kg Gocke et at. (1981) 
mouse zinc oxidelhexachloro- 0.1 ml smoke condensate Karlsson et al. (1991) 

ethane smoke 
Chromosomal aberration 

rat bone marrow zinc oxide 0.5-1 mg/m3 + Voroshilin et al. 

(1 978) 
mouse zinc chloride 15 glkg Vilkina et al. (1978) 
mouse bone marrow zinc chloride 0.5% zinc for 1 month Deknudt 8 Gerber 

(1 979) 
mouse bone marrow zinc chloride 0-15 mglkg + Gupta et al. (1991) 
rat bone marrow zinc chloride 240 mglkg for 14 days + Kowalska-Wochna 

et al. (1988) 
sheep bone marrow cell emission dust 32 glday Bires et al. (1995) 

mouse zinc chloride 15 mglkg Vilkina et al. (1978) 

Dominant lethal mutation 

In vivo human 
Chromosomal aberration zinc smelter dust cadmium + Bauchinger et at. 

plant fumesldust (1 976) 
Deknudt 8 Leonard 
(1975) 
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also been shown to be co-carcinogenic in other studies (Wallenius et 
al., 1979). 

7.8 Interactions with other metals 

In general, zinc shows a low toxicity to animals, but at high 
exposure levels it can interact with other trace elements, especially 
copper, resulting in toxicity, which is usually due to depletion of 
these elements, and leading to nutritional deficiencies. It has been 
postulated (Hill & Matrone, 1970) that elements with similar 
properties will act antagonistically to each other biologically, as a 
result of their competition for binding sites on proteins that require 
metals as cofactors. The interaction of zinc with other metals, such as 
copper, iron and calcium, has been reviewed in some detail 
elsewhere (Walsh et al., 1994; Bremner & Beattie, 1995). 

7.8.1 Zinc and copper 

Copper deficiency induced by excess zinc intake in experimental 
animals is manifested by reduced copper concentrations in liver, 
serum and heart, and decreased activities of copper metalloenzymes 
(Duncan et al., 1953; Van Reen, 1953; Cox & Harris, 1960; L'Abbe 
& Fischer, 1984). 

Excessive zinc intake has been shown to inhibit intestinal 
absorption, hepatic accumulation and placental transfer of copper, as 
well as to induce clinical and biochemical signs of copper deficiency 
(Campbell & Mills, 1974; Brcmner et al., 1976; Hall et al., 1979; 
L'Abbe & Fischer, 1984). Results of an isotope experiment suggest 
that zinc interferes with copper metabolism by decreasing utilization 
and increasing cxcretion of copper in the rat, but has little effect on 
copper absorption (Magee & Matrone, 1960). High levels of zinc in 
the diet have been shown to induce de novo synthesis of 
metallothionein in a dose-related fashion. I t  has been suggested that 
the induced metallothionein sequesters copper, reducing its 
bioavailability (Hall et al., 1979). Animals deficient in copper are 
infertile (Mertz, 1987). Richmond (1 992) decreased the mortality of 
pups delivered of copper-deficient dams by injection of oxytocin at 
term. Atrophy of the exocrine pancreas in copper deficiency (Alvarez 
et al., 1989) may be secondary to vascular changes (Weaver, 1989). 
Allen et al. ( 1  982) found that copper-deficient rats responded poorly 
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to injection of thyrotropin-releasing hormone. Deficient, non- 
anaemic rats at 24 "C bccame hypothermic with, inter ulia, decreased 
concentration of triiodothyronine in plasma. Mice deficient in copper 
(Lynch & Klevay, 1992) have a bleeding tendency characterized, 
inter alia, by increased activated partial thromboplastin time, 
prothrombin time. 

Findings of infertility, thyroid abnormalities, pancreatic changes, 
coagulation defects and bone pathology in expcriments using 
increasingly high doses of zinc may impair copper utilization. 
Characterization of the copper contents of diets and the copper levels 
in organs is important in understanding the relevance of these effects. 
If the effects of high doses of zinc are not accompanied by decreased 
copper in target organs, it  seems likely that the they are related to 
zinc intoxication. 

In a study designed to measure the level of zinc at which copper 
metabolism begins to be affected, Wistar rats ( I O  per group) were fed 
diets containing zinc as zinc sulfate at 0, 15, 30, 60, 120 or 
240 mg/kg. Ceruloplasmin activity is significantly reduced at doses 
of 30 mg/kg and greater, and the number of rats with extremely low 
ceruloplasmin activity increases with increased zinc levels in the 
diet. The level of zinc at which 50% of animals would have 
abnormally low ceruloplasmin activity was calculated to be 125- 
129 mg/kg. Liver superoxide dismutase and heart cytochrome c 
oxidase activities were significantly reduced at 120 and 240 m g k g  
respectively, as compared to controls (L'Abbe & Fischer, 1984) 

Mink (1 I females and 3 males per group) were exposed to a 
basal diet or to a diet supplemented with zinc as zinc oxide at 
1000 pg/g throughout the mating, gestation and lactation periods. 
The basal diet contained zinc at 20.2 pg/g and copper at 3.1 pg/g. 
Supplementation of the basal diet with zinc had no significant effect 
on the body, liver, spleen or kidney weights of the adult female mink. 
No significant differences from control females were seen in the 
haematological parameters measured. Clinical signs consistcnt with 
copper deficiency (alopecia, anaemia or achromotrichia) were not 
observed in the adult mink. All females on the basal diet whelped, 
but only 8 females on the zinc-supplemented diets produced 
offspring. The body wcights of male kits born to dams consuming 
the zinc supplementcd diet were significantly lower than those of 
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controls at 12 weeks of age. No significant differences were noted in 
erythrocyte or  leukocyte count, haemoglobin concentration, mean 
corpuscular haemoglobin concentration, mean corpuscular volume or 
the leukocyte differential count between the zinc-treated and control 
kits bled at 8 weeks of age. There was a significant decrease in 
haematocrit value in the zinc-exposed kits. The T-cell mitogenic 
response was significantly reduced in the zinc-treated mink kits; 
however, the immunosuppression was reversible, as a normal 
response was seen approximately 14 weeks after the kits were 
weaned and placed on basal diets. In 3- to 4-week-old kits, whelpcd 
and nursed by females, that were fed a zinc-supplemented diet, 
greying of the fur developed around the eyes, ears, jaws and genitals, 
with a concomitant hair loss and dermatosis in these areas. The 
condition was stated to be consistent with copper deficiency; it  
spread over much of the body within a few weeks and persisted for 
several weeks after the kits were removed from the supplemented 
diets (Bleavins et al., 1983). 

Pregnant shecp (5-12 per group) were fed diets containing zinc 
as zinc sulfate at 0, 30, 150 and 750 mg/kg for approximately 1 I O  
days. The diet contained copper at 2.5 mg/kg. Food consumption, 
weight gain and efficiency of food utilization were reduced in ewcs 
in the 750-mg dose group. The reduction in feed intake began within 
10 days of the beginning of the treatment. Somc 20 days prior to 
parturition, copper status in the highest dose group was severely 
depressed, with reductions in plasma copper, ceruloplasmin and 
amine oxidase activity when compared to the group on the basal diet. 
The concentration of zinc in plasma was greatly increased in the 
750 mg dose group only. Reproductive performance was severely 
impaired in the highest dose group, with increased incidence of non- 
viable lambs, defined as lambs which were aborted, stillborn or died 
within 7 days of birth. The cause of death in these lambs was not 
determined. Lambs born alive in the high dose group were weak, did 
not suckle, displayed ataxia and died following convulsions within 
48 h of birth. Of 20 lambs conceived in the high-dose group, only 
one survived longer than 5 weeks. Two findings common to all non- 
viable lambs from the high-dose group were high tissue zinc 
concentrations and low tissue copper concentrations; radiographs of 
these Iambs revealed arrested growth in the long bones. Addition of 
copper ( I O  mg/kg of diet) to another group of pregnant sheep fed 
diets containing zinc at 750 mg/kg, prevented the development of 
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copper deficiency, but failed to prevent the adverse effect of high 
zinc on weight gain, feed consumption, efficiency of feed utilization 
and lamb viability. The doses of zinc in pregnant ewes were 
calculated to be 20 m g k g  body weight per day at the start of the 
study, declining to I O  mg/kg per day with reduced food intake. It was 
postulated that the reduced viability of lambs may have been due to 
fetal malnutrition caused by the reduced maternal food intake and 
food utilization, or alternatively to direct toxicity of zinc to the fetus 
(Campbell & Mills, 1979). 

The reverse interaction, namely the effect of copper on zinc 
status, is less clear. Excessive copper can affect zinc metabolism in 
some species, but zinc absorption does not appear to be seriously 
affected. The intestinal absorption of zinc in the rat was decreased by 
20% when the dietary copper level was increased from 3 to 
24 mg/kg, with no further decreases seen at copper levels of 
300 mg/kg (Hall et al., 1979). However, there is some evidence for 
competition and/or inhibition of copper or zinc uptake into intestinal 
cells when the luminal concentration of the respective metal is very 
high (Oestreicher & Cousins, 1985). 

7.8.2 Zinc and other metals 

High levels of zinc (0.5-1%) fed to rats have been shown to 
interfere directly with iron metabolism (Magee & Matrone, 1960). 
The occurrence of hypochromic, macrocytic anaemia in rats 
following the ingestion of excessive zinc and the reversal of this 
anaemia by iron supplementation demonstrate the interaction 
betwecn iron and zinc (Cox & Harris, 1960; Magee & Matrone, 
1960). Zinc intoxication affects iron metabolism by increasing the 
iron turnover, decreasing the life span of erythrocytes and decreasing 
the hepatic accumulation of iron as ferritin (Settlemire & Matrone, 
1967a,b). 

Zinc appears to be a less effective inhibitor of iron absorption 
than iron is of zinc absorption. In iron-deficient mice and rats, the 
oral absorption of zinc is greatly increased, which has been 
interpreted to indicate a shared transport pathway (Pollack et al., 
1965; Forth & Ruminel, 1973; Hamilton et al., 1978). Iron 
absorption and distribution is altered by zinc deficiency. A marked 
increase in’iron and a decrease in zinc concentration in various 
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organs, such as the liver, bone, pancreas and testes, have been 
observed in zinc-deficient animals in comparison to pair-fed 
controls. These changes are reversed following zinc supplementation 
(Prasad et al., 1967; Prasad et al., 1969; Petering et al., 1971). 

Excess dietary zinc administered to pregnant rats and also to 
weanling and adult rats lowers the tissue iron content of the treated 
animals (Duncan et al., 1953; Cox & Harris, 1960; Magee & 
Matrone, 1960; Cox et al., 1969). In another study, reduced tissue 
iron and copper levels in weanling rats and reductions in calcium and 
phosphorus deposition in bones of young rats were observed 
following feeding with excess zinc (Sadasivan, 1951). High levels of 
dietary zinc have been also been shown to interfere with the 
metabolism of calcium and to increase total calcium and 
concentrations of calcium in the liver, but to decrease these levels in 
the body of exposed fetuses (Cox et al., 1969). Elevated magnesium 
concentrations (mg/kg) but not total magnesium content were 
detected in the liver and body of fetuses from mothers fed excess 
zinc (Cox ct al., 1969). 

Interaction betwecn zinc and cadmium in animals has been 
reviewed elsewhere (IPCS, 1993). Supplementation with zinc has 
been shown to prevent the teratogenic and carcinogenic effects of 
cadmium: the induction of severe facial abnormalities in hamster 
embryos induced by cadmium ( 2 4  mg/kg administered intra- 
venously) was prevented by the simultaneous administration of zinc 
(as zinc sulfate at 992 mg/kg) (Fern & Carpenter, 1968); and the 
induction of interstitial cell tumours in rats and mice was prevented 
by concurrent zinc supplementation (Gunn et al., 1963). 

7.9 Zinc deficiency in animals 

Zinc is essential for DNA replication, RNA polymcrases, protein 
synthesis and many metabolic processes. All cell replication, protein 
synthesis and growth processes are partially dependent upon zinc. 
Systcmic depletion of this element therefore inevitably leads to 
deleterious effects. 

~ 

The essentiality of zinc for growth has been dcscribed clscwhere 
(Todd et al., 1934; Hove et al., 1937; Hove et al., 1938). In 
experimental animals, restriction of zinc in the diet leads to an 
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immediate declinc in plasma zinc levels, followed by a loss of 
appetite and poor growth, which are evident within a few days of 
zinc depletion. Further symptoms can include dermatitis, alopecia 
and testicular atrophy (Macapinlac et al., 1966, 1968; Chesters & 
Quarterman, 1970; Wallwork et al., 1981). Zinc deficiency in 
experimental animals is characterized by rash, alopecia, 
hyperkeratosis, parakeratosis and hypopigmentation (O’Dell et al., 
1959; Oberleas et al., 1962). In monkeys, as the deficiency 
progresses, animals stand in a hunched position, have an unsteady 
gait and unkempt fur, become emaciatcd and cventually die 
(Macapinlac et al., 1967; Sandstead et al., 1978; Swenerton & 
Hurley, 1980). I t  has been observed that the healing of wounds is 
retarded in zinc-deficient rats and that healing can be accelerated 
with zinc supplementation (Sandstead ct al., 1970). 

Zinc deficiency has an adverse effect on thc pancreas of 
experimental animals. In vitro assays in pancreatic preparations from 
rats fed a zinc-deficient diet showed a marked impairment of the 
insulin response to glucose , which was directly proportional to the 
degree of zinc deficiency (Huber & Gershoff, 1973; Jhala & Baly, 
1991). Plasma insulin levels in response to glucose injection were 
decreased in obesc but not in lean rats fed a zinc-deficient diet over 
8 weeks (Zwick et al., 1991). Additionally, a markedly zinc-deficient 
diet in rats produced a significant reduction in the total pancreatic 
content of zinc within 2 days and was associated with a more than 
50% reduction in the activity of y-glutamyl hydrolase (an indicator 
of pancreatic activity) in pancreatic tissue (Canton & Cremin, 1990). 
Rapid loss of pancreatic carboxypeptidase activity has been 
demonstrated under similar conditions (Mills et al., 1967). 

Zinc deficiency has been shown to be correlated with a 
diminished activity of some enzymes. The level of a serum enzyme 
alkaline phosphatase decrcased in zinc-deficient animals and 
increased with zinc replenishment (Sadasivan, 1952; Van Reen, 
1953). I t  has becn postulated that the promoter region of the gene for 
intestinal alkaline phosphatascs contains a metal-responsive element, 
and that zinc dcficicncy leads to suboptimal transcription of this type 
of enzyme (Stuart et al., 1985; Millan, 1987). Zinc deficiency has 
also been rcportcd to impair the activity of intracellular hepatic 
enzymes. The biotransformation of some pharmacological agents 
was reduced in zinc-deficient rats and was also associatcd with a 
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decrease in the cytochrome P450 content of microsomes (Becking & 
Morrison, 1970). 

Serum lipid concentrations were shown to be lower than normal 
in zinc-deficient rats, and this was postulated to be caused by the 
impairment of intestinal absorption of lipids by zinc deficiency (Koo 
et al., 1987). 

Adverse reproductive effects were seen in rats when their diets 
were low in zinc (Hurley & Swenerton, 1966; Hurley & Shrader, 
1974). Spermatogenesis was shown to be arrested in weanling rats 
and the germinal epithelium of the testes was atrophic (Barney et al., 
1968). The menstrual cycle of rats (Apgar, 1970) and monkeys 
(Swenerton & Hurley, 1980) was also reported to be impaired, and 
ovarian follicular developmcnt appeared to be retarded (see also 
Evenson et al., 1993 for another study in rats). 

Zinc deficiency is lethal or injurious to the embryos and fetuses 
of experimental animals. Evidence indicates that adequate levels of 
zinc are essential for conception (Swenerton & Hurley, 1980), 
blastula development and implantation (Hurley & Shrader, 1974), 
organogenesis (Blamberg et al., 1960; Kienholz et al., 1961; Hurley 
& Swenerton, 1966), fetal growth (McKenzie et al., 1975; Fosmire et 
al., 1977), prenatal survival (Hurley & Swenerton, 1966) and 
parturition (Apgar, 1973). Severe zinc deficiency results in high fetal 
resorption, with .malformation of the skeleton, nervous system and 
viscera found in most of thc surviving fetuses (Hurley & Swenerton, 
1966; Hurley et al., 1971; Hurley & Shrader, 1972). Impaired 
synthesis and/or metabolism of DNA is postulated to cause these 
abnormalities (Swenerton et al., 1969; Dreosti et al., 1972; Drcosti & 
Hurley, 1975). 

Zinc deficiency impairs development of thc brain and has been 
shown to cause long-term behavioural consequences in rats. 
Evidence for the essentiality of zinc for the maturation of brain was 
provided by studies in rats (Hurlcy & Swenerton, 1966; Warkany & 
Petering, 1972), which demonstrated a variety of malformations in 
the brains of offspring that had been deprived of zinc carly in 
gestation. Inhibition of DNA synthesis in neural crest cells is 
postulated to be one of the causes of such malformations (Swenerton 
et al., 1969). Zinc-deprived IO-day-old suckling rats showed 

154 



Effects on Laboratory Mammals and In Vitro Test Systems 

suppression of incorporation of thymidine into their DNA (Sandstead 
et al., 1972). The cerebellum of a 2 1 -day-old rat showed histological 
cvidence of retarded maturation (Buell et al., 1977), and impaired 
division and migration of external granular cell neurons (Dvergsten 
et al., 1983; Dvergsten et al., 1984). The long-term functional 
significance of zinc deficiency in the fetus and neonate was studied 
in rats deprived of zinc during late gestation and/or suckling. Severe 
maternal deprivation (zinc at < 1 m g k g  in the diet) on days 14-20 of 
gestation caused stunting and a decrease in brain cell number in 
fetuses (McKenzie et al., 1975). Nutritionally rehabilitated offspring 
subsequently showed active avoidance of shock and an increased 
aggressive response to shock (Halas et al., 1975, 1976, 1977). Severe 
maternal zinc deprivation throughout nursing impaired growth of 
suckling pups and subsequently increased errors by nutritionally 
rehabilitated offspring in maze tests (Lokken et al., 1973; Halas et 
al., 1983). Reference to or long-term memory of shock on days 
18-21 of nursing was also impaired (Halas et al., 1979). In rats that 
were mildly zinc-deprived during gestation and lactation (zinc at 
10 mg/kg) where there was only a minimum effect on the growth of 
pups, it was subsequently revealed that the zinc-rehabilitated 
offspring had deficits in working memory (Halas et al., 1986). 
Maternal zinc deprivation of rhesus monkeys throughout most of the 
third trimester (Sandstead et al., 1978) and throughout gestation and 
lactation (Golub et al., 1985) caused acrodermatitis in the dam and 
subsequent reduction of exploration and play in infants during 
weaning. Later study of these animals found impaired ability to solve 
complex learning sets at 300 and 700, but not at 1000 days (Strobel 
& Sandstead, 1984). 

Immune function was shown to be adversely affected by zinc 
deficiency. Calves with an inborn error in zinc absorption display 
thymic hypoplasia, an increased susceptibility to infection, growth 
failure, diarrhoea, dermatitis and death. Treatment with zinc can 
prevent and cure the illness (Brummerstedt et al., 1977). However, it  
may be difficult to separate immune deficiency from malnutrition in 
this case. In rats and mice, zinc deficiency was reported to impair the 
growth of the thymus and to retard both cellular and humoral 
immunity (Fraker et al., 1978; Luecke et al., 1978; Fcrnandes et al., 
1979; Pekarek et al., 1979; Lennard, 1980). Mice fed diets deficient 
in zinc for 30 days developed thymic atrophy, had markedly depleted 
numbers of lymphocytes and macrophages in the spleen, and showed 
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a markedly reduced ability to produce antibody-mediated responses 
to T-cell dependent and T-cell independent antigens. Delayed-type 
hypcrsensitivity responses, cell-mediated responses to tumour 
antigens and the function of natural killer cells were also 
significantly reduced (Fraker et al., 1978, 1986; Femandes et al., 
1979). However, in another study, it was shown that the ability of 
lymphocytes to proliferate and to produce interleukins and 
mitogenic-stimulated antibody responses was normal in zinc- 
deficient mice (Cook-Mills & Fraker, 1993). The reasons for this 
discrepancy are unclear, but mitogenic responses are a less reliable 
indicator of immune reactivity than antigen-specific responses. It has 
been established that, although the T-cell:B-cell ratio is unaffected, 
the total number of lymphocytes is significantly reduced in zinc- 
deficient mice (King & Fraker, 1991). The incidence of oesophageal 
tumours induced by methylbenzylnitrosamine (MBN) was higher in 
rats fed diets low in zinc, at 3 m g k g  compared to rats fed diets 
containing 60 mg/kg (Fong et al., 1978). This effect may arise 
through the oesophageal epithelium being damaged by zinc 
deficiency, making i t  sensitive to MBN andor  its activated 
metabolite (Fong et al., 1984). The mechanism appears to be via the 
activation of a specific cytochrome P450 by zinc deficiency, with a 
resultant increase in MBN-induced formation of 06-methylguanine 
in oesophageal DNA (Barch & Fox, 1987). Studies investigating the 
effect of dietary zinc deficiency in ocsophagcal carcinogenesis are 
reported in section 8.3.7. 
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8. EFFECTS ON HUMANS 

In the general population, essential elements have a range of 
acceptable exposures at which there are no untoward effects. Below 
this range there is the potential for effects associated with deficiency, 
and above it, effects associated with toxicity. The curve describing 
this concept of acceptable intake is shown in Chapter I O  (Fig. I ) .  As 
zinc is an essential component in a multiplicity of enzymatic 
reactions (see section 6.5.2), there is a need to define the range of 
acceptable intake to provide for biological requirements that balance 
the consequences of deficit and excess. In the position of balance, 
there is homeostasis, with optimum health. An additional factor i's the 
consequence of interactions of zinc with other elements, which can 
introduce a toxicity mediated by zinc excess (Hill & Matrone, 1970). 
In this Chapter, the effects associated with zinc deficiency are 
described, along with the adverse effects associated with zinc excess, 
including those mediated by interaction with other elements. 

8.1 Human dietary zinc requirements 

8.1.1 Estimation of zinc requirements 

There are inherent difficulties in cstimating zinc requirements 
for humans, with a number of physiological, dietary and 
environmental factors affecting various populations. Estimates have 
been made using metabolic balance studies, in which zinc intake was 
compared with zinc excretion in the urine and facces (Sandstead, 
1984, 1985; Sandstead et al., 1990), and using additional factorial 
calculations that account for the zinc required for growth, losses 
(including zinc lost in sweat, shed hair and skin, semen and milk) 
and bioavailability (Sandstead, 1973; King & Turnlund, 1989). 
Growing infants, children, growing adolescents, and pregnant and 
lactating mothers require more zinc per kilogram of body weight 
than do mature adults (WHO, 1996b). The factorial estimates for 
zinc requirements are outlined in Tables 27 and 28. 

A major factor affecting zinc rcquiremcnts is the variation in the 
percentage absorption of zinc from differing dietary sources; this is 
discussed in section 6.1.2. 
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Table 27. Provisional dietary requirements for zinc in relation to estimates of retention, losses and availability' 

Age Peak daily Urinary Sweat Total required intake necessary (rng) in daily diet for 
retention excretion excretion (mg) available zinc content of 

(rng) (rn9) (m9) 
10% 20% 40% 

Infants 
0 4  months 0.35 0.4 0.5 1.25 12.5 6.3 3.1 
5-12 months 0.2 0.4 0.5 1.1 11.0 5.5 2.8 

Males 
1-1 0 years 0.2 0.4 1 .o 1.6 16.0 8.0 4.0 
11-1 7 years 0.8 0.5 1.5 2.8 28.0 14.0 7.0 
18+ years 0.2 0.5 1.5 2.2 22.0 11 .o 5.5 

Fern a I e s 
1-9 years 0.15 0.4 1 .o 1.55 15.5 7.8 3.9 

14-1 6 years 0.2 0.5 1.5 2.2 22.0 11.0 5.5 
17+ years 0.2 0.5 1.5 2.2 22.0 11.0 5.5 

10-1 3 years 0.65 0.5 1.5 2.65 26.5 13.3 6.6 



Table 27 (contd.) 

Age Peak daily Urinary Sweat Total required Intake necessary (mg) in daily diet for 
retention excretion excretion (mg) available zinc content of 

(mg) (ms) (mg) 
10% 20% 40% 

Pregnant women 

0-20 weeks 0 55 0 5  1 5  2 55 25 5 12 a 6 4  

20-30 weeks 0 9  0 5  1 5  2 9  29 0 14 5 7 3  

30-40 weeks 1 0  0 5  1 5  3 0  30 0 15 0 7 5  

Lactating women 3.45 0.5 1.5 5.45 54.5 27.3 13.7 

a WHO, 1973. The above estimates were based on the assumption that the fat-free tissue concentration of zinc in humans is 
approximately 30 pglg. This figure is equivalent to 2.0 g of zinc in the soft tissues of an adult male and 1.2 g in the soft tissues of an 
adult female, as determined from lean body mass. The zinc requirement at various ages was determined from the change in lean body 
mass with age. Bone zinc was not included in these calculations, because zinc in bone is relatively sequestered from the metabolically 
active pool of body zinc. The zinc content of sweat is based on an assumed zinc surface loss of 1 mgllitre. The estimated requirement 
for lactation is based on a zinc content in milk of 5 mgllitre and a daily milk secretion of 650 ml. The urinary excretion of zinc is based on 
reported levels. 
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Table 28. Dietary reference values for zinc (mglday) 

Age United Kingdom' USA RDAb WHO" European 
D R I ~  

LNRl EAR RNI 

Infants 
0-3 months 
4-6 months 
7-12 months 
1-3 years 
4-6 years 
7-10 years 

Males 
11-14 years 
15-1 8 years 
19-50+ years 

Females 
11-14 years 
15-1 8 years 
19-50+ years 

Pregnancy 

Lactation 
0-4 months 
4+ months 

2.6 
2.6 
3.0 
3.0 
4.0 
4.0 

5.3 
5.5 
5.5 

5.3 
4.0 
4.0 

c 

3.3 
3.3 
3.8 
3.8 
5.0 
5.4 

7.0 
7.3 
7.3 

7.0 
5.5 
5.5 

c 

4.0 
4.0 
5.0 
5.0 
6.5 
7.0 

9.0 
9.5 
9.5 

9.0 
7.0 
7.0 

c 

5.0 
5.0 
5.0 
10.0 
10.0 
10.0 

15.0 
15.0 
15.0 

12.0 
12.0 
12.0 

15.0 

19.0 
16 

5.6 
5.5 
6.5 
7.5 

12.1 
13.1 
9.4 

10.3 
10.2 
6.5 

7.3-13.3 

12.7 
11.7 

4.0 
4.0 
6.0 
7.0 

9.0 
9.5 
9.5 

9.0 
7.0 
7.1 

b 

+5.0 
+5.0 

DRI = dietary reference intake; EAR = estimated average requirement; 
LNRl = lower reference nutrient intake; RDA = recommended daily allowance; 
RNI = recommended nutrient intake 
a UK(1991). * US National Academy of Sciences (1989). 

WHO (1996b); normative requirement for diet of moderate zinc availability 
EU (1993); no increment. 

The effects of dietary supplemcntation on humans have recently 
been reviewed (Gibson, 1994). Tables 29, 30 and 31 provide a 
summary, taken from this review, of the effects of supplementation 
in infants, children and lactating women. 
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Table 29. Double-blind zinc supplementation studies in infants 

Country Subjects and treatment Mean plasma zinc levels (pmol/litre) Growth effects and Reference 
other responses 

Zinc supple- Control 
mentation 

Start End Start End 

USA 68 normal healthy full-term male 
infants at birth; studied for 6 months 
double-blind study: formula with zinc 
at 1.8 mgllitre or 5.8 mg/litre 

57 normal healthy infants at 5.4 
months old, studied for 3 months 
double-blind study; zinc at 
5 mglday (25) or placebo (32) 

France 

USA 50 failure-to-thrive infants, 8-27 
months old, studied for 6 months 
randomized double-blind trial, pair 
matched; zinc at 5.7 mglday as 
syrup (25) or placebo (25) 

119 110 improved weight and Walravens & 
length in males only Hambidge (1 976) 

improved weight gain; Walravens 
improved length in males 
only 

et al. (1992) 

10.7 9.8 10.7 10.4 improved weight especially Walravens 
in males;. tendency to 
increased activity of serum 
alkaline phosphate in 
zinc group 

et al. (1989) 



Table 29 (contd.) 

Country Subjects and treatment Mean plasma zinc levels (pmolllitre) Growth effects and Reference 
other responses 

Zinc supple- Control 
mentation 

Start End Start End 

Chile 32 marasmic infants, 7-8 months 14.7 15.6 16.1 15.6 weight-for-length effect; Castillo-Duran 
old, studied for 90 days 
randomized double-blind trial; zinc 
at 2 mglkg daily in solution (16) or 
placebo (1 6) 

decrease in percentage of 
anergic infants: increase in 
serum IgA in zinc group 

et al. (1987) 

39 severely malnourished infants 19.4 18.6 23.4 18.0 linear length effect; Schlesinger 
studied for 104 days improved immune function et al. (1993) 
double blind trial; zinc at 1.9 mglkg 
(19) or 0.35 mglkg in daily 
formula (20) 

Chile 



Table 29 (contd.) 

Bangladesh 60 severely malnourished infants 8.2 18.5 7.9 10.6 improved weight gain and Khanum 
5-60 months old studied for 3 weeks 
rice-based diet ad lib with vitamins 
and minerals; zinc at 10 mg/kg daily 
if < 6 kg or 50 mglday if > 6 kg as 
zinc sulfate; non-supplemented 

weight for length et al. (1988) 

group (30) 

Bangladesh 65 children with AD and 152 with improved length gain in Roy et al. 
PD 3-24 months old supplemented 
for 2 weeks 
followed for 2 or 3 months in a 
double-blind randomized study after 
supplementation for 2 weeks with 
zinc at 15 rng /kg daily or placebo 

AD group, and in PD with 
c 90% weighffage and 90% 
heighffage; reduced no. of 
episodes of diarrhoea in AD 
and PD groups and attack 
rate of respiratory tract 
infections in AD group only 

(1992) 

AD = acute diarrhoea; P D  = persistent diarrhoea; SGA = small for gestational age 



Table 30. Double-blind zinc supplementation studies in children 

Country, date Subjects and treatment Dietary Mean plasma zinc levels (vmolllitre) Growth effects Reference 
zinc intake and other 

(mg) Zinc Control responses 
supplementation 

Start End Start End 

Egypt 90 growth-retarded schoolboys, 14 1-7 19-2 11-7 13-3 no weight or height Carter et al. 
1965-1 966 1 1-1 8 years old studied for effects; no difference (1969) 

5.5 months in sexual maturation; 
randomized trial; zinc at 
14 mg (30) or placebo (30); 
capsules given at school 

no effect on serum 
alkaline phosphatase 

Iran 60 growth-retarded schoolboys, 12 17-2 14-7 11-6 14-1 no weight or height Ronaghy 
1967-1 968 12-1 8 years old, studied for 17 effects; difference in et al. (1968) 

months (5 months trial, 7 months 
rest, 5 months trial); first 
5 months, 28 mg of zinc (20), 
67 mg of iron (20) or placebo (20); 
second 5 months, micro-nutrients 
(20). micronutrients + 40 mg of 
zinc (20) or placebo (20); 
capsules given at school 

sexual maturation 



Table 30 Icontd.) 

Iran 
1969-1971 

USA, 
Colorado 

Canada 
1986 

50 growth-retarded schoolboys, 12 
13 years old, studied for 17 
months (5 months trial, 7 
months rest, 5 months trial) 
non-randomized trial; micro- 
nutrients (ZO), micronutrients 
+ 40 mg of zinc (20) or placebo 
(IO); capsules given at school 

40 growth-retarded, low-zinc- 4-6 
status children, 2-6 years old, 
studied for 1 year 
randomized pair-matched trial; 
zinc at 10 rnglday (20) or placebo 
(20); syrup given by parents at 
home 

60 growth-retarded boys, 5-7 6-4 
years old, studied for 12 months 
randomized pair-matched trial; 
zinc at 10 mg/day (30) or with 
placebo (30); fruit juice drink 
given by parents at home 

8-2 10-2 10-5 10-7 weight and height Ronaghy 
effects; difference in 
bone age; tendency for 
faster sexual develop- 
ment; no effect on serum 
alkaline phosphatase 

et al. (1974) 

10-7 10-8 11-3 11-3 height effect (especially Walravens 
in boys); increase in 
appetite 

et al. (1983) 

15-6 16-2 16-5 16-4 height effect only in Gibson et al 
subjects with low hair (1989b) 
zinc (4.68 pmollg); 
increase in appetite 
perceived by parents 



Table 30 (contd.) 
~~ 

Country, date Subjects and treatment Dietary Mean plasma zinc levels (pmol/litre) Growth effects Reference 
zinc intake and other 

(m9) Zinc Control responses 
supplementation 

Start End Start End 

Thailand 
1989-1 990 

Gambia 
1989-1 990 

133 children, 6-13 years old, 
with suboptimal zinc and vitamin 
A nutriture studied for 6 months 
randomized pair-matched trial; 
zinc at 25 mg/day (33), 
vitamin A (33), vitamin A + zinc 
(32) or with placebo (35); 
capsules taken on school days 

109 apparently healthy children, 
0.5-3 years old, studied for 
15 months 
randomized group-matched trial; 
70 mg of zinc (55) or placebo 
(54); drink given twice a week 

4.3 13.2 19.0 13.2 14.3 no weight or height Udomkesmalee 
effects; increase in 
serum alkaline phospha- 
tase activity; improved 
dark adaptation; 
improved conjunctival 
integrity 

et al. (1992) 

no weight or height 
effects; increase in arm (1993) 
circumference; less 
malaria; improved 
intestinal permeability 

Bates et al. 

at clinic 
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Table 30 (contd.) 

Guatemala 162 schoolchildren, 6-8 years 10 14.2 16.2 14.4 14.9 no weight or height Cavan et al 
1989 old, studied for 25 weeks effects; increase in tri- (1993) 

randomized pair-matched trial; 
micronutrients (82), micro- 
nutrients + zinc at 10 mg/day 
(80); chewable tablet given 
at school on weekdays 

ceps skinfold; smaller 
decrease in mid-arm 
circumference; no 
increase in serum 
alkaline phosphatase 

Chile 46 short-stature schoolchildren, 
1991 6-12 years old, consuming diets 

providing 5040% of normal daily 
zinc intake, studied for 12 months 
randomized study; zinc at 
10 mg/day or placebo 

no weight effect; Castillo-Duran 
height effect in males 
only; no difference in 
plasma zinc 

et al. (1995) 

Chile 98 healthy pre-school children height effect in males; Ruz et al. 
1993 studied for 14 months trend towards improved (1 997) 

zinc at 10 mg/day or placebo immune function and 
reduced giardiasis 
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Table 31. Double-blind zinc supplementation studies in lactating women 

Country Subjects and treatment Dietary zinc intake Response Reference 
(mg) 

USA, 53 middle-income lactating women, studied for 12.2 decreased fall in milk Krebs et al. (1985) 
Colorado zinc levels varying durations up to 9 months 

controlled trial; zinc at 15 mglday (14), placebo 
(39) or control (8); tablets taken at home 

USA, 
Indiana 6 months of lactation 

49 middle-income mothers studied for first 

controlled trial; micronutrients (25) or 
micronutrients +zinc at 25 mglday (24); 
different commercial supplements taken at home 

11.2 higher milk zinc levels Karra et al. (1986) 

USA, 40 middle-income women studied for first 12 no effect on milk Moser-Veillon & Reynolds 
Maryland 6 months of lactation zinc levels (1 990) 

randomized double-blind trial; micronutrients 
(20) or micronutrients + zinc at 25 mglday (20); 
tablets taken at home 



Effects on Humans 

Methods for the assessment of zinc status in humans are 
discussed in section 6.5.1. 

8.2 Zinc deficiency 

8.2.1 Clinical manifestations 

Cases of severe zinc deficiency are now rare, but mild deficiency 
during periods of rapid growth, pregnancy, synthesis of new tissue, 
and in persons consuming plant-based diets, is not uncommon. Zinc 
deficiency also occurs in the presence of certain disease states such 
as malabsorption syndromes, renal and hepatic diseases, and in 
association with bums and alcoholism. Two genetic disorders, 
acrodermatitis enteropathica and sickle-cell disease, are associated 
with suboptimal zinc status. 

The first cases of human zinc deficiency were reported in the 
Middle East among adolescent dwarves in the 1960s (section 8.2.4). 
Since those first reports, mild zinc deficiency has been reported in 
infants and younger children living both in developing and in 
industrialized countries. 

The health effects associated with zinc deficiency in humans 
have been extensively reviewed (Prasad, 1988; Aggett, 1989; Clegg 
et al., 1989; Hambidge, 1989; Keen & Hurley, 1989; Walsh et al., 
1994). Zinc deficiency has been classified into three syndromes 
(Henkin & Aamodt, 1983): acute, chronic and subacute zinc 
deficiency. The clinical symptoms range from neurosensory changes, 
oligospermia in malcs, decreased thymulin activity, decreased 
interleukin-2 production, hypogeusia and impaired neuropsycho- 
logical functions (Prasad, 1988; Penland, 1991) in mild or marginal 
deficiency, through to growth retardation, male hypogonadism, and 
delayed wound healing with moderate deficiency, and alopecia, 
mental disturbances, cell-mediated immune disorders and pustular 
dermatitis in patients with severe zinc deficiency (Prasad, 1988). 
These conditions are generally reversible when the deficiency is 
corrected by zinc supplementation. 

8.2.2 Brain function 

In an experimental study (Henkin et al., 1975b) in which severe, 
acute zinc deficiency was induced in eight patients with scleroderma 
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by treatment with large doses of oral histidine, severe zincuria was 
produced, and plasma zinc levels decreased from 60-105 pg/dl to 
40-60 pg/dl. Signs of zinc deficiency included anorexia, dysosmia, 
ataxia, tremor, loss of memory, impaired higher intellectual 
processes, paranoid ideation and receptive aphasia. Treatment with 
zinc by mouth improved signs within 24 h. 

The effects of less severe zinc deficiency are less easily 
characterized and include reduced growth and impaired immune 
function (WHO, 1996b). In a study in which 14 men were fed diets 
providing zinc at a rate of 1, 2, 3, 4 or I O  mg/day for periods of 35 
days in a 7-month study (Johnson et al., 1993), impaired neuromotor 
and cognitive function was observed (Penland, I991), with signifi- 
cant decreases in sensory motor, attention, visual memory and spatial 
and perceptual tasks. 

8.2.3 Immune function 

In patients suffering from acrodermatitis enteropathica - a rare 
genetic defect affecting the assimilation of zinc - an increased 
incidence of secondary infections is seen, and T-cell numbers, 
thymic hormone levels and T-cell mediated cellular and humoral 
immunities are deficient (Aggett, 1989). Similar changes have been 
noted in other patients with zinc deficiency and with sickle-cell 
anaemia (Fraker et al., 1986; Endre et al., 1990), and patients with 
suboptimal zinc intakes have been reported to be at greater risk of 
infection and disease (Bogden et al., 1987). In an experimental study 
in which male volunteers with experimentally induced mild zinc 
deficiency had decreased interleukin-2 activity, a decreased T4+:T8+ 
ratio and incrcascd TI01 cells and serum immunoglobulin (Ig), these 
changes were corrected upon zinc replction (Prasad et al., 1988). 
Immune function related to zinc deficiency has been reviewed by 
Keen & Gershwin (1990). It has been suggested that zinc may act as 
an antiviral agent. Possible mechanisms by which this could be 
achieved arc inhibition of virus protein coat synthesis and prevention 
of virus entry into the cell (Korant & Butterworth, 1976; Prasad, 
1996). 

8.2.4 Growth 

Growth retardation and hypogonadism were reported in 
adolescents in the Middle East, and these effects were believed to be 
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related to inadequate dietary zinc intake (Prasad et al., 1961, 1963b). 
The principal features of this syndrome were growth failure and 
delayed sexual maturation, giving 16- to 18-year-olds a physical 
appearance resembling that of prepubertal 9-year-olds, commonly 
associated with hepatosplenomegaly and iron deficiency. Zinc 
deficiency appears to be a major contributing factor in this 
syndrome. Administration of zinc, along with a balanced diet, 
produced accelerated growth, and enlargement of the penis and testes 
in males, and of breasts in females; a well-balanced diet alone was 
not followed by rapid improvement (Prasad et al., 1963a; Sandstead 
et al., 1967; Halsted et al., 1972). A subsequent series of zinc 
supplementation studies in Iran gave mixed results (Ronaghy et al., 
1974; Mahloudji et al., 1975): there was a clear stimulation of 
growth after supplementation, but no significant stimulation of 
gonadal development (Ronaghy et al., 1974). Supplementation with 
zinc plus iron did not stimulate growth (Mahloudji et al., 1975). 

Details of more recent double-blind zinc supplementation studies 
conducted on infants and children are reviewed in Gibson (1994). 

8.2.5 Dermal effects 

Severe zinc deficiency resulting from total parenteral nutrition 
without zinc (Arakawa et al., 1976; Kay et al., 1976), and in patients 
suffering from acrodermatitis enteropathica (Aggett, 1989) leads to 
dermatological effects, including erythematous scaling eruptions in 
the naso-labial and retro-auricular folds, with the dermatitis 
extending to the trunk and becoming exudative upon continued zinc 
deficiency (total parenteral nutrition), and bullous pustular dermatitis 
of the extremities and the oral, anal and genital areas, combined with 
paronychia and generalized alopecia (acrodermatitis enteropathica). 

8.2.6 Reproduction 

An association between low serum zinc levels and reproduction 
was niade when one of 83 infants in a series of studies (Janieson, 
1976) showed a congenital cardiac malformation, with a ventricular 
septum defect and coarctation of the aorta. The infant’s mother had 
shown the lowest serum zinc lcvel (12.2 pmol/litre) in the 13th week 
of gestation, but all other laboratory findings were normal. In women 
with complications such as abnormal labour or atonic bleeding, 
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serum zinc concentrations had been significantly reduced during 
early pregnancy. Additionally, of 3 16 pregnancies, a high proportion 
(60%) of the women who gave birth to infants with congenital 
defects had shown low serum zinc concentrations in the first 
trimester. 

In a study in which 450 women were followed during and after 
pregnancy (Mukherjee et al., 1984), plasma zinc was reported to be 
an indicator of feto-maternal complications, including fetal distress 
and maternal infections, for those women in the lowest quartile for 
plasma zinc. In a study in low-income women, there was a 
significantly higher prevalence of low birth weight in the infants of 
mothers in the lowest quartile for plasma zinc at 16 weeks gestation 
than in those born to the other mothers (Neggers et al., 1990). 

Studies to examine whether maternal zinc status is a useful 
predictor of pregnancy outcome have produced mixed results. Scholl 
et al. (1993), in a cohort study of pregnant girls and women of low 
socioeconomic status, reported that low dietary intakes of zinc 
(< 6.0 mg/day) were associated with increased risk of low-birth- 
weight infants, after controlling for energy intake and other variables 
known to influence outcome. Some studies (including Hunt et al., 
1984; Cherry et al., 1989; Goldenberg et al., 1995), but not all 
double-blind supplementation trials have provided further support 
for this suggestion. In a study by Tamura & Goldenberg (1996) of 
580 indigent African-American pregnant women, those randomly 
assigned to a zinc-supplemented group (25 mg of zinc daily as zinc 
sulfate) at 19.2 weeks of gestation had infants with a significantly 
higher birth weight (126 g; P = 0.03) and head circumfercnce 
(0.4 cm; P = 0.04) than infants born to mothers in the placebo group. 
The results suggested that, by increasing the zinc intakes of pregnant 
women with suboptimal zinc nutriture, pregnancy outcomes could be 
improved. Recent reviews of this subject appear in Gibson (1994) 
and Tamura & Goldenberg (1 996), and a summary of some of thcse 
findings is provided in Table 32. 

8.2.7 Carcinogenicity 

In a study in Chinese men aged between 45 and 75 years, the 
zinc levels in serum and hair wcrc lower in those patients with 
oesophageal cancer (Lin et al., 1977). The results of these studies do 

172 



Table 32. Zinc supplementation studies in pregnant women 

Country, date Subjects Treatment Dietary zinc Responses References 
intake (ma) 

United Kingdom 494,middle-class women 
1985-1 986 studied for last 4 months 

of pregnancy 

USA, 556 low-income adolescent 
New Orleans women studied for last 

3 months of pregnancy 

USA, 138 Hispanic teenagers 
Los Angeles 
1981-1 982 of pregnancy 

studied for last 4 months 

randomized double-blind 
trial; zinc at 20 mglday 
(246) or placebo (248); 
capsules taken at home 

randomized double-blind 
trial; zinc at 30 mg/day 
(268) or placebo (288); 
tablets taken at home 

randomized double-blind 
trial; micronutrients (68) 
or micronutrients + zinc 
at 20 mg/day (70); 
capsules taken at home 

9 no effect on birth weight; Mahomed 
et al. (1989) no differences in 

leukocyte zinc 

30 no effect on birth weight; Cherry et al. 
reduced rates of pre- 
maturity and neonatal 
morbidity 

(1 989) 

9-8 no effect on birth weight Hunt et al. 
(1 995) 



Table 32 (contd.) 

Country, date Subjects Treatment Dietary zinc Responses References 
intake (mg) 

USA, 21 3 Hispanic low-income randomized double-blind 
Los Angeles women enrolled at trial; micronutrients (1 06) 

gestation age c 27 weeks or micronutrients + zinc 
at 20 mg/day (1 07) 

United Kingdom 56 pregnant women at risk randomized double-blind 
trial; zinc at 22.5 mg/day 
(30) or placebo (26) 

of small-for-gestational 
age infants studied for last 
15-25 weeks of pregnancy 

USA 46 pregnant middle-income double-blind study; zinc 
women studied for 
7-9 months 

at 15 mglday (1 0) or 
placebo (36); tablet taken 
2 h after dinner 

9-3 no effect on birth weight; Hunt et al. 
reduced incidence of (1995) 
pregnancy-induced 
hypertension 

22.5 lower incidence of Intra- Simmer et al. 
uterine growth retardation; (1991) 
reduction in induced 
labours and Caesarean 
sections 

11 no effect on birth weight; Hambidge 
no other effects observed et al. (1983) 



Effects on Humans 

not provide evidence for any causal relationship between low 
plasmdserum zinc levels and an increased incidence of cancer in 
humans. Similarly, in another study by Lipman et al. (1987), mean 
plasma zinc and mean plasma vitamin A in the 21 oesophageal 
cancer patients were significantly lower than in the 17 patients with 
oesophagitis, or the 12 normal controls. However, there were no 
differences in oesophageal zinc content between the cancerous tissue 
and adjacent normal tissue, the oesophagitis tissue and adjacent 
normal tissue, and normal oesophageal tissue. 

8.3 Zinc toxicity: general population 

8.3.1 Poisoning incidents 

A number of reports outline the effect of acute exposure to zinc 
in humans. However, these reports are generally old and poorly 
documented, with inadequate characterization of the actual exposure 
levels, although some estimates of exposure have been made. For 
example, high concentrations of zinc in drinks (up to 2500 mghtre) 
have been linked with effects such as severe abdominal cramping, 
diarrhoea, tenesmus, bloody stools, nausea, and vomiting in 300 
people, and symptoms of dryness of the mouth, nausea, vomiting and 
diarrhoea in more than 40 people (Brown et al., 1964). The amount 
of zinc ingested was estimated to be approximately 325-650 mg. 
Lethargy, along with drowsiness, unsteady gait, and increased serum 
lipase and amylase levels, was seen in an individual who had 
ingested I2 g of elemental zinc, equivalent to 150 m g k g  body 
weight, resulting in increases in blood zinc concentrations (Murphy, 
1970). No gastrointestinal distress was reported and chelation 
therapy was effective in achieving clinical improvement and 
reducing blood zinc levels. Severe local bums, metabolic acidosis, 
hepatic damage, hyperamylasaemia, lethargy and hypertension 
resulting from the ingestion of zinc chloride/ammonium chloride 
soldering flux were reported in a 16-month-old boy who developed 
pancreatic exocrine insufficiency 5 months later (Knapp et al., 1994). 

Excess hepatic copper and zinc levels in a small number of Cree 
and Ojibwa-Cree children were associated with severe chronic 
cholestatic liver disease progressing to end-stage biliary cirrhosis in 
these children (Phillips et al., 1996). It was postulated that the effects 
might have been due to an inbom error of metal metabolism, 
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secondary dietary or environmental factors, or genetic factors. Zinc 
and copper also appeared to be accumulated in transplanted livers, 
but these findings were not quantitative and there were no detectable 
histological effects following transplantation. There were no data to 
indicate that any exposure to excess zinc had occurred in these 
children. 

8.3.2 Dermal effects 

Contact dermatitis has been reported following use of shampoos 
containing zinc pyrithione (Nigam et al., 1988). The specific 
etiological role for zinc was not clear, and the dermal application of 
zinc as zinc oxide has not been associated with any adverse dermal 
effects in humans. 

8.3.3 Immune function 

An adverse lymphocytic response was reported in I 1  healthy 
adult men who ingested 150 mg of elemental zinc twicc a day for 
6 weeks; the subjects also showed a reduction in the lymphocytic 
stimulation response to phytohaemagglutinin (up to 70% reduction at 
6 weeks), chemotaxis (50% reduction) and phagocytosis of bacteria 
by polymorphonuclear leukocytes (50% reduction). There were no 
control groups in this study and the copper status of the subjects was 
not measured. The absolute number of lymphocytes and the 
proportions of T- and B-cells were not altered. However, the 
measurement of immune status conducted in vitro may not be a true 
reflection of the immune responses in the subjects, in whom a two- 
fold elevation in serum zinc was measured (Chandra, 1984). 

Conversely, when 103 apparently healthy elderly subjects were 
randomly assigned to one of three treatments and given 
supplementary daily doses of placebo, or 15 or I00 mg of zinc for 3 
months, none of the treatments significantly altered delayed dermal 
hypersensitivity to a panel of seven recall antigens or in vitro 
lymphocyte proliferative responses to mitogens and antigens. A 
modest increase in plasma zinc was not accompanied by a decrease 
in plasma copper levels (Bogden et al., 1988). Subjects also received 
a daily supplement of 2 mg of copper above dietary intake. 
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Phagocytic fungicidal capacity was evaluated in a double-blind 
study in which marasmic infants received formula fortified with zinc 
and iron at 15 mg/litre for up to 105 days, with a mean daily zinc 
intake of 1.9 mg/kg (Schlesinger et al., 1993). A decrease in the 
number of infants whose monocyte phagocytic activity was above 
the median was observed after 60 days of zinc supplementation (63% 
upon admission cornpared to 32% after 60 days; P < 0.05). There 
was also a decrease in the number of infants whose monocyte 
fungicidal activity was above the median after 105 days of zinc 
supplementation (61% upon admission compared to 39% after 105 
days; P < 0.04). The number and duration of impetigo episodes were 
greater in the group of infants fed the zinc-supplemented formula 
(1.3 1 k 1.1 infectious episodedinfant compared to 0.55 k 0.8 in 
controls). 

However, in another study in marasmic infants (Castillo-Duran 
et al., 1987) in which 16 subjects received a daily elemental zinc 
supplement as zinc acetate of 2 mg/kg and 16 subjects received a 
placebo for 90 days, the incidence of infection, especially pyoderma, 
was significantly decreased in the zinc-supplemented group (3/16 in 
the supplemented group compared to 10/16 in controls; P < 0.025). 
The proportion of anergic infants decreased (from 50% to 25% 
between days 0 and 90) and serum IgA increased significantly (from 
8 1 5 32 to 1 1  1 5 26 mg/lOO ml) only in the zinc-supplemented 
group. 

8.3.4 Reproduction 

Dietary supplementation with zinc at a ratc of 20 mg/day did not 
result in adverse effects on pregnancy progress or outcomes in 
healthy pregnant women in a number of large, controlled trials (Hunt 
et al., 1984; Kynast & Saling, 1986; Mahomed et al., 1989). In a 
double-blind trial in low-income pregnant adolescents thought to be 
at risk for poor zinc nutriture, supplementation with zinc at 
30 mg/day did not result in adverse pregnancy outcomes (Cherry et 
al., 1989). Of the women, one-third received the zinc for the first 
trimester and the remainder from the second trimester. Similarly, 
dietary supplementation for the last 15-25 weeks of pregnancy with 
22.5 mg/day to women at risk of delivering a small-for-gestational- 
age baby did not result in adverse reproductive effects (Simmer et 
al., 1991). 
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When seven pregnant women with low serum zinc levels 
(< 11.5 pmol/litre) were given a zinc supplement of 90 mg/day for 
the last 13-25 weeks of pregnancy, no adverse effects were 
associated with the supplementation (Jameson, 1976). In a follow-up 
study (Jameson, 1982) in which 133 women with low serum zinc 
levels (< I O  pmol/litre) were randomly assigned zinc supplemen- 
tation at 45 mg/day or no supplementation, no adverse effects were 
associated with zinc supplementation, and serum copper levels were 
unaffected. 

8.3.5 Zinc-induced copper deficiency 

Elevated intakes of zinc have been shown to induce copper 
deficiency in humans (Prasad et al., 1978a; Fischer et al., 1984; 
Hoffman et al., 1988). The level of intestinal metallothionein may be 
important in the development of this zinc-induced hypocupraemia. 
As metallothionein has a greater affinity for copper than zinc, and 
zinc induces high levels of metallothionein in the intestinal mucosa 
(Richards & Cousins, 1975), the proposed mechanism for this copper 
deficiency is a reduction in copper absorption followed by 
sequestration of copper in a stable copper-metallothionein complex, 
which is returned to the intestinal lumen by the desquamation of the 
intestinal mucosal cells (Richards & Cousins, 1976a; Fischer et al., 
1983). Balance studies indicate that, as the amount of zinc in the diet 
increases, so does the amount of dietary copper required, so that 
persons on a diet high in zinc may have an increased risk of copper 
deficiency (Sandstead, 1982b). The ingestion of zinc at levels near 
the recommended daily allowance of 15 mg (see section 5.2.2) may 
result in increased copper requirements, increased copper excretion, 
impaired copper status, or reduced copper retention (Greger et al., 
1978a,b,c; Burke et al., 1981; Festa et al., 1985). The effect of 
dietary zinc on copper utilization depends markedly on the amount 
of dietary copper and the copper status of the individual (see section 
8.3.5. I ) .  

8.3.5. I Controlled human studies 

In a study in which adolescent females received dietary copper 
at a rate of 1.2 nig/day, faecal copper excretion was increased by 
approximately 14% (0.9 compared to 0.79 mg/day) in subjects 
receiving zinc at 14.7 mg/day compared with those fed 11.5 mg/day 
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during IO-day periods (Greger et ai., 1978c), with all subjects in 
positive copper balance. The standard error in the estimate for zinc 
was 2.18 mg/day. In another study in adolescent females, no 
increased copper excretion was reported in subjects given dietary 
zinc at 7.4 or 13.4 mg/day and copper at 2.8 mg/day for 18 days, 
again with all subjects in positive copper balance (Greger et ai., 
1978b). Other studies arc cited in Table 33. 

A group of 18 female volunteers participated in a IO-week, 
single-blind dietary supplementation study designed to investigate 
the effect of zinc supplementation on iron, copper and zinc status. 
When subjects were given zinc at 50 mg/day (administered as two 
gelatin tablets daily, each containing 25 mg of zinc as zinc 
gluconate), there was a significant reduction ( P  < 0.05) compared 
with pretreatment levels in serum ferritin (23%), haematocrit (4%) 
and erythrocyte copper,zinc-superoxide dismutase (ESOD; 47%). 
Serum zinc was increased by approximately 25% (P<O.OI), but 
there were no changes in serum ceruloplasmin or haemoglobin. 
When subjects received iron at 50 mg/day in addition to the zinc, 
similar reductions in ESOD were observed (47%), while there were 
increases in serum ferritin (25%) and serum zinc (21%); therc wcre 
no changes in haemoglobin, haematocrit or ceruloplasmin (Yadrick 
et al., 1989). No indication of dietary intake of zinc or copper was 
noted in this study. 

The effects of zinc supplementation on the copper status of two 
groups of healthy adult men were investigated for 6 weeks. A test 
group containing half of thc subjects received 25 mg of elemental 
zinc as zinc gluconate twice daily in gelatin capsules (50 mglday), 
while the control group received placebo capsules (Fischer et ai., 
1984). No significant differences in plasma copper levels or 
ferroxidase activities werc observed between the groups. Increases in 
plasma zinc (approximatcly 20%) and decreases in ESOD 
(approximatcly 20%) wcre observed in the zinc-supplemented group, 
the differences becoming statistically significantly ( P  < 0.05) in 
week 6 of the study. N o  indication of dietary intake of zinc or copper 
was noted in this study. 

In a 12-wcek, double-blind cross-over study (Samman & 
Roberts, 1988), 47 healthy adult volunteers received 50 mg of 
elemental zinc (as 220 mg of zinc sulfate) or placebo, in a capsule, 
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Table 33. Summary of effects of zinc on copper homeostasis in humansa 

Copper intake Subjects, Zinc dose 
(mglday) duration (mglday) 

Effects 

~ ~~~ 

Described health Reference 
effects 

1.2 adolescents 14.7 
10 days 

(females) 18 days 

females 12 days 

12 days 

0.5 weeks 

2.8 adolescents 7.4 or 13.4 

2.0 healthy adult 9.5 or 19.9 

2.0 adult females 8 or 24 

2.6 adult males 1.8-1 8.5 

2.33 elderly adults 7.8 or 23.26 
(5 male, 6 female) 
30 days 

increase in faecal copper excretion; positive 
copper balance 

no effect on copper excretion; positive 
copper balance; copper intake 2.8 mglday 

no effect on faecal copper excretion; positive 
copper balance; copper intake 2 mglday 

no effect on copper excretion; negative copper 
balance; copper intake 2 mg/day 

no effect on serum copper concentration; sudden 
increase in zinc intake from 4-8 mglday to 
18.5 mg/day resulted in a temporary increase 
in faecal copper excretion 

reduced copper retention and increased faecal 
copper excretion at higher zinc dose compared 
with lower dose; most subjects in positive 
copper balance 

~~ 

Greger et al 
(1 987c) 

Greger et al. 
(1 978b) 

Colin et al. 
(1 983) 

Taper et al. 
(1 980) 

- 

none Festa et al. 
(1 985) 

none Burke et al. 
(1981) 

~ 

a The interpretation of studies is difficult because in many supplemental studies the total intake of diet and supplement of zinc is not given. 
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three times a day for 6 weeks. The zinc supplementation resulted in 
reductions in the ferroxidase activity of serum ceruloplasmin (from 
13.0 to 11.3 U/ml), and ESOD activity (from 2 184 to 1672 U/g of 
haemoglobin), but only in females. The change in plas,ma zinc levels 
was greater in females (8.4 + 1.5 pmol/litre) than males 
(5.5 k 1.1 pmol/litre), and no changes were reportcd in plasma 
copper or haematocrit. No indication of dietary intake of zinc or 
copper was noted in this study. 

A study of five men and six women aged 5 6 8 3  years showed 
that zinc intakes of about 23 mg daily (about 6 mg from the diet and 
17 mg from zinc sulfate given in a beverage consumed at breakfast) 
significantly lowered retention of copper (about 1 mg from the diet 
and 1.3 mg from copper sulfate given in the breakfast beverage) 
compared to copper retention when the diet plus zinc sulfate in thc 
beverage provided 7.8 mg of zinc daily (Burke et al., 1981). When 
the amount of copper lost in sweat (2 0.3 mg daily) is considered in 
the interpretation of the data (Jacob et al., 1979; Milnc et al., 1983), 
it is evident that intakes of 23 mg of zinc daily placed the subjects at 
risk of negative copper retention. A zinc:copper ratio of about 10 had 
an adverse effect on copper retention that was not evident with a 
ratio of about 3.5. Of note in this study is that the increased intake of 
zinc was from a zinc sulfate supplement. 

8.3.5.2 Case reports 

In case studies, effects associated with long-term, excessive zinc 
intakes (ranging from 150 mg/day to 1-2 g/day) have included 
sideroblastic anaemia, hypochromic microcytic anaemia, leukopenia, 
lymphadenopathy, neutropenia, hypocupraemia and hypoferraemia. 
Patients recovered to normal blood patterns after ccssation of zinc 
intake with or without copper supplementation (Porter et al., 1977; 
Prasad et al., 1978b; HofTman et al., 1988; Simon et al., 1988; Broun 
et al., 1990; Forman et al., 1990; Gyorffy & Chan, 1992; Ramadurai 
et al., 1993). 

Serum lipids and cardiovascular disorders 8.3.6 

Following the induction of hypercholesterolaemia in rats by 
administration of a high ratio of ingested zinc to copper (Klevay, 
1973) and the idcntification of an association between the mortality 
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rate for coronary heart disease and the zinc:copper ratio in cows’ 
milk in 47 cities in the USA (Klevay, 1975), i t  was hypothesized that 
the zinc:copper ratio has important influences on processes related to 
coronary heart disease (Klevay, 1975, 1980, 1983). 

As a partial investigation of these concepts, a number of studies 
have been conducted to examine the effects of zinc intake on blood 
lipid levels. The lowest dose of zinc that affects lipid metabolism is 
ill-defined, but it was approximately twice the US recommended 
daily allowance. Doses of zinc of 50-300 mg in excess of dietary 
amounts generally have potentially harmful effects on lipid 
metabolism. 

Effects resulting from zinc-induced copper deficiency are 
discussed in section 8.3.5. 

In a 12-week, double-blind study in adult males, subjects 
received daily a placebo tablet (n  =9),  or tablets containing 50 
(n = 13) or 75 (n  = 9) mg of elemental zinc, as zinc gluconate. 
Dietary analysis revealed that subjects in the 75 mg group consumed 
significantly less total fat, saturated fatty acids and protein than those 
in the other groups. Serum total cholesterol, low-density lipoprotein 
(LDL) cholesterol, very-low-density lipoprotein (VLDL) cholesterol 
and triglycerides were not affected by zinc supplementation. Serum 
high-density lipoprotein (HDL) cholesterol was significantly 
decreased ( P  IO.05)  at zinc doses of 75 mg/day (reductions of 1 1 %  
and 15% at weeks 6 and 12, respectively) and 50 mg/day (15% at 
week 12) compared with placebo, and was also lower than baseline 
values (PI  0.05) at weeks 6, 8 and 12 at 75 mg/day (reductions of 
13%, 15% and I3%, respectively) and week 12 at 50 mg/day ( 1  1 %). 
Serum copper levels did not change with zinc supplementation 
(Black et al., 1988). The dietary intake of nutrients including coppcr 
and zinc were monitored throughout the study. 

A study was conductkd to investigate the relationship between 
lcvel of exercise, zinc supplementation, and serum HDL cholesterol 
in men and women over the age of 60 years (Goodwin et al., 1985). 
There was a significant positive correlation between levels of 
exercise and serum HDL cholesterol in the 180 subjects not 
supplemented with zinc ( r =  0.26; P =  O.OOS), but not for those 
subjects taking supplemental zinc. Following discontinuation of zinc 

182 



Effects on Humans 

supplementation (24 mg/day; median 17-52 mg/day), there was a 
significant increase in HDL cholesterol levels (2.0 mg/100 ml; 
approximately 4%; P =  0.04) after 8 weeks in 22 subjects. This 
change was positively correlated with the level of exercise of the 
subjects. The authors noted that in young runners, HDL is unchanged 
by zinc administered at 50 mg/day for 8 weeks. They suggested that 
age and sex differences may be important in the relationship between 
zinc and lipid metabolism in humans, but no data were provided to 
support this hypothesis. 

Reiser et al. (1985) described a diet mainly of conventional food 
but low in copper, and containing an amount of fructose similar to 
that consumed by many Americans. The effects of this diet on more 
than 20 male subjects have been described in a number of papers 
(Reiser et al., 1985, 1987; Bhathena et al., 1986; Holbrook et al., 
1989). Prominent among these effects were decreased plasma 
encephalins and dyslipidaemia characterized by decreased HDL 
cholesterol and increased LDL cholesterol. The experiment was 
interrupted because of fear of adverse cardiac effects. Evidence of 
copper deficiency assessed by traditional means was minimal, but 
included decreased activity of ESOD. 

In a study in which 12 healthy male subjects received 440 mg of 
zinc sulfate (160 mg of elemental zinc) daily for 5 weeks, HDL 
cholesterol levels decreased to 25% below baseline values (30.1 
compared with 40.5 mg/100 ml; P = O.OOOl) ,  while total cholesterol, 
triglyceride and LDL cholesterol levels remained unchanged 
(Hooper et al., 1980). No indication of dietary intake of zinc or 
copper was noted in this study. 

When 11 healthy male subjects ingested 150 mg of elemental 
zinc twice a day, serum HDL concentrations decreased significantly 
compared with baseline values after 4 weeks (20% reduction; 
P < 0.01) and 6 weeks (30% reduction; P < 0.001), while LDL levels 
increased slightly (by 10-15% at 4-6 weeks; P <  0.05); however, 
this study lacked a placebo control (Chandra, 1984). Dietary zinc 
estimates were made using 24-h dietary recall interviews. 

Not all studies show that zinc supplementation affects serum 
HDL levels. In a double-blind, cross-over trial involving 26 women 
and 2 1 mcn, the diets of healthy volunteers were supplcmented with 

183 



EHC 221: Zinc 

zinc at a rate of 150 mg/day for 6 weeks. Plasma total cholesterol 
and HDL levels remained unchanged in both sexes, while in women 
only, the LDL level decreased by 9%. There was also a trend for 
HDL to be redistributed in women, with slight increases in HDL2 and 
slight decreases in HDL3 ‘(Samman & Roberts, 1988). When groups 
of eight women were given dietary supplementation of zinc at doses 
of 0,’ 15, 50 or 100 mg/day for 2 months, a transient 8% decrease in 
HDL cholesterol was seen at 4 weeks at the highest zinc level, but no 
uniform or sustained response of plasma cholesterol or HDL 
cholesterol was observed (Freeland-Graves et al., 1980). Records of 
the dietary nutrients, including zinc and copper, were obtained from 
the 3-day dietary records kept throughout this study. 

8.4 Occupational exposure 

8.4.1 Acute toxicity 

Inhalation exposure to zinc chloride following the military use of 
“smoke bombs” has been reported to result in various effects, 
including interstitial oedema, interstitial fibrosis, pneumonitis, 
bronchial mucosal oedema and ulceration, and changes in the 
mucous membrane of the larynx and trachca (Pare & Sandler, 1954; 
Johnson & Stonehill, 1961; Milliken et al., 1963; Schenker et al., 
1981; Matarese & Matthews, 1986). Acute injury has becn 
associated with mortality under extreme exposure conditions, 
sometimes attributed to the effects upon the respiratory tract mucosa 
due to the hygroscopic and astringent nature of the zinc chloride 
particles released by such devices (Evans, 1945; Milliken et al., 
1963; Hjortso et al., 1988; Homma et al., 1992). 

8.4.2 Short-term exposure 

The term “metal-fiimc fever” describes an acute industrial illness 
characterized by a variety of symptoms, including fever, chills, 
dyspnoea, muscle soreness, nausea and fatigue, which occur in 
workers following the inhalation of finely dispersed particulate 
matter formed when certain mctals are volatilized. The oxides of a 
number of metals, including zinc, can cause this acute, reversible 
syndrome (Drinker et al., 1927a-d; Rohrs, 1957; Doig & Challen, 
1964; Gordon et al., 1992). The description of the effects has been 
cited extensively, and the condition has variously becn called 
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brassfounder’s ague, zinc chills, zinc fever, Spelter’s shakes and 
metal shakes (Batchelor et al., 1926; McCord & Friedlander, 1926; 
Mueller & Seger, 1985; Blanc et al., 1991). 

Metal-fume fever is common in welders who work on various 
types of non-ferrous metals or ferrous metals alloyed with or coated 
with other metals. Zinc fume from galvanized coatings is a common 
cause. While the disease is generally short, transient and severe, 
serious complications are not common and individuals tend to 
develop a tolerance (Drinker et al., 1927a-d). Symptoms might 
occasionally be followed by pulmonary oedema or pneumonia (Doig 
& Challen, 1964). The sizc of the ultrafine zinc oxide particles 
appears to be critical in the development of the syndrome, with the 
particles needing to be small enough to reach the alveoli when 
inhaled (Brown, 1988). Recent studies in humans following 
occupational exposure to zinc oxide fumes have demonstrated some 
changes in pulmonary function and/or radiological abnormalities, 
which are reversible following cessation of exposure. 

A cross-sectional analysis, conducted on spirometric lung- 
function parameters in zinc welders, non-welders with exposure to 
welding fumes and control subjects (Marquart et al., 1989), revealed 
no differences in lung function between groups, and changes in lung 
function over five consecutive work shifts were not related to the 
exposure level. The highest measurcd concentrations of welding 
fumes were 5.1 and 8.0 mg/m3 for an 8-h time-weighted average. 

In a study designed to examine the pathogenesis of metal-fume 
fever in humans (Blanc et al., 1991), 14 subjects welded galvanized 
mild steel over a period of 15-30 min in spccial environmental 
exposure chambers, with controlled ventilation, humidity and 
temperature, designed to produce an cxposurc lcvel in excess of 
10 mg/m3 over 15 min. The mean cumulative exposure to zinc oxide 
for the 14 participants was reported to be 2.3 ? 1.7 g/min per m3 
(range 0.6-5.1 g/min per m3), resulting in a range of mean exposure 
levels of 77-1 53 mg/m3, and a minimum exposurc of 20-40 mg/m3, 
depending upon whether duration was 15 or 30 min. Pulmonary 
function and airway responsiveness were measured after 1 h 
(n  = 14), 6 h (n  = 5 )  and 20 h ( n  = 9), while bronchoalveolar lavage 
was conducted 8 h or 22 h after welding. A marked, dose-dependent 
inflammatory response was observed in the lungs, with a positive 
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correlation between cumulative zinc exposure and polymorpho- 
nuclear leukocyte count in bronchoalveolar lavage fluid at early 
( r  = 0.93; P < 0.05) and late ( r  = 0.87; P < 0.01) follow-up. The 
proportion of polymorphonuclear leukocytes in the late follow-up 
sample, 37% (range 19-63%), was increased compared with the 
early follow-up figure of 9% (2-21%). There was only a minimal 
effect on pulmonary function, and no statistically significant 
correlation was observed between cumulative zinc exposure and 
pulmonary function. In the late follow-up group, the four participants 
with the highest cumulative exposures (> 3.5 g/min per m3) all had 
myalgia. Two of the participants (with exposure of > 5 g/min per m3, 
i t . ,  approximately 150 mg/m3) also had fever (38 "C). 

In a subsequent paper (Blanc et al., 1993), further information 
from the same subjects was reported together with additional data 
from a total of 23 volunteers adding a 3-h post-exposure time-point 
for bronchoalveolar lavage fluid (zinc exposure 1.8 f 0.2 mg/m3). 
Increased concentration of tumour necrosis factor (TNF) in 
bronchoalveolar lavage fluid was prominent at 3 h, and less marked 
at 8 h or 22 h after exposure, exhibiting a statistically significant 
exposure-response relationship to airborne zinc at each time-point 
(P  < 0.05). There were also significant changes in the concentrations 
of interleukin-6 and interleukin-8, but not of interleukin-I. The 
findings are consistent with a role of these cytokines in the 
pathogenesis of the inflammatory changes in metal-fume fever. 
Although these short-term exposures ( 1  5-30 min) were to zinc 
concentrations well above 10 mg/m3, it should be noted that they do 
not exceed an 8-h time-weighted average of 5 mg/m3 if recalculated 
to an 8-h time interval; however, i t  is unlikely that an acute reaction 
of the type observed would occur if the same cumulative exposures 
were given over 8 h. 

A number of case reports have demonstrated the acute effects of 
zinc fume inhalation in occupational settings. Reversible clinical 
signs and radiological effects, including aches and pains, dyspnoea, 
dry cough, lethargy, neutrophil leukocytosis, pyrexia, and 
widespread abnormality of both lung fields, with multiple nodules 
measuring 3 4  mm and becoming confluent and ill-defined in some 
areas, were seen when an individual was exposed to zinc fumes in a 
shipyard over a 3-week period (Brown, 1988). A systemic reaction 
and a self-limiting response in the periphery of the lung were 
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reported when a patient with a clinical history of recurring zinc fume 
fever underwent experimental welding exposures of 1 h using zinc- 
coated tubing (Vogelmeier et al., 1987). An acute lung reaction was 
also seen in an individual working with heated zinc who experienced 
chills, muscle ache and dyspnoea; radiographic examination revealed 
diffuse nodular infiltrates, which cleared after I O  days away from the 
job (Malo et al., 1990). 

8.4.3 Long-term exposure 

The complex environment encountered by workers in 
galvanizing and metal plating plants results in exposure to a variety 
of compounds, including zinc and zinc compounds. 

A causal association between the exposure to zinc and any 
occupational asthma is difficult to establish. Occasional cases of 
occupational asthma have been reported among workers using soft 
solder fluxes 'containing ammonium chloride and zinc chloride. A 
causative relationship with zinc could not be concluded. The most 
suggestive case was a subject who developed asthma symptoms 2.5 
years after being employed at a plant where metals were galvanized 
in heated zinc (Malo et al., 1993). Positive immediate skin tests to 
zinc sulfate at concentrations of 1 and I O  mg/ml were obtained, 
although no specific IgE antibodies to zinc were observed. An 
immediate asthmatic reaction was elicited after the subject inhaled 
nebulized zinc sulfate at a concentration of I O  mg/ml for 6 min. 

The exposure of groups of voluntecrs to a polydisperse aerosol 
of zinc ammonium sulfate in an environmental control chamber at a 
nominal concentration of 20 pg/m3 produced minimal or no short- 
term respiratory effects, even in subjects 'diagnosed as asthmatics 
prior to the study (Linn et al., 1981). 

8.4.4 Epidemiological studies 

In gencral, well-conducted epidemiological studies in the 
workplace with adequate characterization of zinc exposure values are 
lacking, and there are inadequate data available to make an 
association between occupational exposure to zinc and disease states. 
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8.5 Subpopulations at special risk 

8.5.1 Dialysis patients 

Acute zinc toxicity has been reported in patients following 
kidney dialysis (Gallery et al., 1972; Petrie & Row, 1977). A patient 
who, for home dialysis, used rainwater draining from a painted 
galvanized iron roof, which had been stored in a galvanized iron 
tank, developed severe nausea and vomiting within 2 h of starting the 
procedure, with similar symptoms at subsequent dialyses. The tank 
water contained zinc at a concentration of 625 pg/lOO ml. The 
patient’s plasma and red cell zinc concentrations were 700 and 
3500 pg/IOO ml, respectively, haemoglobin was 3.5 g/lOO ml, and a 
blood film showed moderate polychromatophilia; 6 weeks after 
rehospitalization, plasma zinc was still moderately raiscd. 
Intercurrent hospital dialyses were uneventful, and subsequent 
deionization of the patient’s home water supply resulted in 
asymptomatic dialyses (Gallery et al., 1972). The use of water drawn 
through galvanized iron piping resulted in a fall in the haemoglobin 
levels of two home dialysis patients; these effects were eliminated 
after the installation of carbon filtration of the dialysis water (Petrie 
& Row, 1977). Scverc anaemia was also seen in 9/10 patients 
dialysed in a hospital dialysis unit, following the installation of a 
new galvanized iron water softener in the dialysate water supply 
system. The dialysate contained zinc at a concentration of 
4.89 pmol/litre (32 pg/lOO ml). The installation of an activated 
carbon filter in the system reduced thc zinc concentration to 
< 0.15 pmol/litre (< 1 pg/lOO ml), resulting in a rise in haemoglobin 
levels in the patients towards previous values (Pctric & Row, 1977). 

8.5.2 People with diabetes 

Non-infective furunculoid skin lesions were reported in an 
insulin-dependent diabetic subject, apparently induced by the zinc 
acetate component of an intermcdiate-acting insulin preparation. 
This rare complication of insulin therapy was attributed to a 
reparative granulomatous phase arising from tissue damage caused 
by the zinc in the preparation (Jordaan & Sandler, 1989; Sandler & 
Jordaan, 1989). In two patients using insulin preparations containing 
zinc, pruritic, crythematous, papular lesions werc observed at the 
injection site. Intradermal skin tests for zinc were positive in both 

188 



Effects on Humans 

patients. Zinc-free insulin did not produce any allergic reactions in 
the patients (Feinglos & Jegasothy, 1979). 

8.5.3 Hospital patients 

An elderly woman died after she received 46  mmol (7.4 g) of 
zinc sulfate intravenously over 60 h, owing to a prescribing error; her 
serum zinc concentration was 640 pmol/litre (41 84 pg/lOO ml). Zinc 
intoxication was characterized by hypotension, pulmonary oedema, 
diarrhoea, vomiting, jaundice and oliguria (Brocks et al., 1977). In 
another incident, seven hospital patients undergoing intravenous 
feeding with fluid containing elemental zinc at a concentration of 
227 pg/IOO ml were inadvertently given fluid containing 10 times 
that amount (2270 pg/100 ml) for 26-60 days. Mortality was high 
(5/7). While the clinical manifestation of the zinc overdose was 
hyperamylasaemia'(unaccompanied by clinical signs of pancreatitis), 
the authors concluded that all deaths had resulted from septic 
complications already present before the appearance of this symptom 
(Faintuch et al., 1978). 

To investigate the effects of zinc administration on the healing of 
chronic leg ulcers, a double-blind trial was conducted in 27 subjects; 
13 patients rcccived 200 mg of zinc sulfate threc times a day 
(approximately 135 mg of clemcntal zinc daily) for 18 wccks, while 
14 patients received placebo. N o  signs of toxicity associated with the 
zinc treatment were reported in the study (Hallbook & Lanner, 
1972). Similarly, in another study investigating the effect of oral zinc 
treatment on leg ulcers, no clinical signs of toxicity were reported in 
18 patients administered 220 mg of zinc sulfate three times daily 
(approximately 150 mg of elemental zinc daily) for 1&26 weeks 
(Greaves & Skillen, 1970). Mild diarrhoea was reported in 3/52 
patients rcceiving thrcc daily doses of 220 mg of zinc sulfate for up 
to 71 days (Husain, 1969), while diarrhoea was reported in 6/16 
geriatric patients recciving a similar zinc dose for 24 weeks 
(Czenvinski et al., 1974). 

8.5.4 ' Other populations 

No adverse effects were observed as a result of ingestion of 
300-1200 mg of zinc sulfate hcptahydratc daily for 3 years or 150 
mg of zinc as zinc acetate daily for sevcral wceks to 2 years by 
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Wilson disease patients (Hoogenraad et al., 1979, 1983, 1984; 
Brcwer et al., 1983, Hill et al., 1987), doses of zinc of 1-2 mg/kg 
daily by infants and children with acrodermatitis enteropathica 
(Hambidge & Walravens, 1982), and 68-102 mg of zinc daily during 
pregnancy by a woman with acrodermatitis enteropathica (Jones & 
Peters, 1981). Few long-term studies of the effects of high oral zinc 
in healthy adults have becn reported. In 1 1  female and 13 male 
patients with Wilson disease, the administration of 50 mg of elemen- 
tal zinc as zinc acetate three times a day for about 2 years resulted in 
a decrease in total cholesterol of about 10% in both sexes and a 
reduction of HDL cholesterol of about 20% in male patients. The 
authors concluded that the coronary heart disease risk factor was not 
changed significantly in either sex (Brewer et al., 1991). 

Recently, a controlled, randomized double-blind study showed 
that oral zinc therapy, 100 mg of zinc sulfate twice daily taken with 
food, significantly reduced visual loss in individuals with macular 
degeneration (Newsome et al., 1988). 

8.6 Interactions 

8.6.1 Copper 

Impaired copper nutriture in humans has been noted following 
chronic elevated intake of zinc; these effccts are reported in section 
8.3.5. 

8.6.2 Iron 

The effect of inorganic zinc on the absorption of inorganic iron 
from a solution was invcstigated in two studies in healthy male 
volunteers (Crofton et ai., 1989). Simultaneous administration of 
344 pmol of zinc had no effect on the absorption of 842 pmol of 
radiolabelled iron ("Fe) in the first study, based upon the area under 
the plasma iron concentration-time curvc at 3 h and 6 h, the whole 
body retention of "Fe, and plasma content of "Fe. However, the 
authors noted a rcduction in 4/9 subjects of the areas under the curve 
at 3 h and 6 h for iron, and suggested that there was a trend (not 
statistically significant) for zinc to inhibit the intestinal absorption of 
iron. The second study was conducted without a radiolabel, and the 
results indicated that the simultaneous administration of iron with 

190 



Effects on Humans 

zinc at molar ratios of 1 : I  (421 pmol) and 2.5:l (1048 pmol) 
significantly reduced increments in the concentrations of iron in the 
plasma. 

In a study described in section 8.3.5.1, in which women were 
supplemented with zinc at 50 mg/day for I O  weeks, competitive 
interactions between iron and zinc were suggested by the authors 
(Yadrick et al., 1989). Serum ferritin, the level of which is 
proportional to tissue iron stores, was reduced following zinc 
supplementation alone, but when iron at 50 mg/day was administered 
together with the zinc, serum zinc and serum ferritin increased. 

In human subjects,. the presence of inorganic iron in solution 
with ionic zinc at molar ratios of betwcen 2: 1 and 3: 1 resulted in 
significant inhibition of zinc absorption (Solomons & Jacob, 1981; 
Solomons et al., 1983; Valberg ct al., 1984; Sandstroem et al., 1985), 
while thc presence of haem iron in the same molar excess did not 
inhibit the absorption of zinc (Solomons & Jacob, 1981). In healthy, 
non-pregnant woman, a progressive decrease in plasma zinc was 
seen as the ratio of iron to zinc was increased from 0.1 to 3.1, while 
the intakc of zinc remained constant at 25 mg (Solomons & Jacob, 
1981). 

In studies in which iron was given with food, no inhibitory effect 
on zinc uptakc was observed when the iron intake was not unusually 
high. The consumption of 54 mg of “organic” zinc in oysters with 
100 mg of ferrous iron did not alter plasma uptake of zinc (Solomons 
& Jacob, 1981). Neither thc addition of ferrous iron (at an iron:zinc 
ratio of 25) to a composite meal containing 2.6 mg of zinc 
(Sandstroem et al., 1985), nor the consumption of turkcy meat 
containing 4 mg of zinc with ferric iron ( I  7 or 34 nig) (Valberg et al., 
1984) significantly changed the absorption of zinc. No effects of 
iron-fortified infant foods on zinc absorption of zinc from natural 
sources were demonstrated in adults or children (Fairweather-Tait, 
1995) or in healthy infants given an iron supplement (30 mg of iron 
as ferrous sulfate) beforc a meal. However, dietary supplementation 
with large amounts of iron may impair zinc absorption, and this was 
observed in four human volunteers fed a zinc-deficient (zinc at 
3.5 mg/day), protein-based, semisynthetic soy diet for 4 months 
(Prasad et al., 197%); the two subjects receiving 130 mg of iron 
daily displayed a morc rapid reduction in plasma zinc than did the 
two volunteers fed 20.3 mg of iron daily. 
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The effect of iron on zinc absorption may depend upon zinc 
status. For example, serum copper or zinc levels were not affected in 
healthy infants who were fed a zinc- sufficient diet supplemented 
with 30 mg of iron as ferrous fumarate daily given 30 min before a 
meal (Yip et al., 1985). 

Three pregnant women, whose daily diets were supplemented 
with iron at rates of 100 mg/day or more, had lower plasma zinc than 
other pregnant women whose iron supplementation was less than 
100 mg/day (Campbell-Brown et al., 1985), and daily multivitamin 
supplements containing 60-65 mg of iron inhibited zinc absorption 
in first-trimester pregnant women, compared with pregnant women 
receiving no iron supplementation, or with iron supplementation of 
less than 30 mg/day (Breskin et al., 1983). I t  is not known whether 
the iron supplenlents in these studies were taken in the presence or 
absence of food. 

8.6.3 Calcium 

Human subjects with a constant zinc intake of 14.5 mg/day and 
calcium intakes o f  20&2000 mg/day showed no changes in zinc 
absorption (Spencer et al., 1983). Conversely, the intake of high zinc 
levels (140 mg/day) rcduccd calcium absorption in men with low 
calcium intakes (200 mg/day) but calcium absorption was not 
affected when calcium intake was 800 mg/day (Spencer et al., 1987). 

192 



9. EFFECTS ON OTHER ORGANISMS 
IN THE LABORATORY AND FIELD 

Zinc is an essential micronutrient in all biota owing to its 
involvement in many physiological processes. I t  is essential in the 
maintenance of plasma membrane stability (Bcttger & O’Dell, 198 I ;  
Cakmak & Marschncr, 1988), in the activation of more than 300 
enzymes, in transcription factors and in hormone receptors (see 
section 6.5.2). 

Generally, organisms growing in natural terrestrial environments 
do not show symptoms of zinc deficiency. However, species 
introduced by humans into the environment may show these 
deficiencies. Zinc toxicity is observed in organisms exposed to 
anthropogenic zinc enrichment (Ernst, 1972) and in crops grown in 
naturally enriched environments (Chaney, 1993). More often than 
toxicity, zinc deficiency is reported from environments where 
humans have grown plants that are not adapted and/or have not been 
properly selected, ranging from crops and pastures in Australia 
(Donald & Prescott, 1975), Africa (Cottenie et al., 1981), Asia 
(Katyal & Ponnamperuma, 1974) and North America (Lingle & 
Holmberg, 1957), to fruit trees (SSSA, 1990) and forest trees. 
Application of various types of zinc fertilizers to soil or onto leaves 
can help to overcome these problems (Takkar & Walker, 1993). 
Another approach is to increase the zinc efficiency of cultivated 
plant species (El Bassam et al., 1990). Animals fed or feeding on 
zinc-deficient plants will also show symptoms of zinc deficiency 
(Blamberg et al., 1960, Elinder & Piscator, 1979). 

Nutritional zinc deficiency is relatively rare for aquatic 
organisms. A possible exception may be the low zinc environments 
that characterize open oceans. Extremely low concentrations of zinc, 
iron and copper have been observed in open oceans and it has been 
suggested that these are rate limiting for phytoplankton growth 
(Anderson et al., 1978; Reuter & Morel, 1981; Bniland, 1993). In 
most other circumstances, organisms appear to have developed 
appropriate physiological mechanisms to ensure adequate uptake of 
zinc from the concentrations present in their native environment. 
Organisms not capable of doing this would of course have 
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disappeared from a particular ecosystem. Information concerning 
zinc deficiency in aquatic organisms must thus be obtained primarily 
from laboratory experiments. There are several reports of zinc 
deficiency under experimental conditions in protozoa (Falchuk, 
1988), algae (Vymazal, 1986), daphnids (Keating & Caffrey, 1989), 
fish (Spry et al., 1988) and amphibians (Herkovits et al., 1989). 
White & Rainbow (1985) calculated theoretical estimates for the 
minimum metabolic requirements of zinc in molluscs and 
crustaceans. Enzymatic requirements for zinc in both groups were 
estimated to be 34.5 mg/kg dw. The possession of haemocyanin as a 
respiratory pigment adds a further non-enzymatic metabolic 
requirement of 58.3 mg/kg for certain gastropod molluscs and 
36.3 mg/kg for some crustaceans such as decapods. However, 
Depledge (1 989) recalculated the amount of zinc required by 
decapod crustaceans to be 67.9 mg/kg dw. 

9.1 Laboratory experiments 

Many experiments performed in laboratories give insufficient 
information on the speciation of zinc, especially when zinc is added 
to a medium rich in complexing agents such as sewage sludge and 
agar (for example, Codina et al., 1993). In the case of soils, there is a 
lack of information on the time period between the zinc application 
and the start of the experiments, Le., the time necessary for an 
equilibrium to be reached between the metal application and the soil 
solution (Spurgcon & Hopkin, 1996). The lack of this information 
adversely affects the reliability and utility of toxicity detemiinations. 
A similarly inadequate procedure is followed in many experiments 
with animals in which zinc added to the feed is only adsorbed, 
whereas in the natural situation it is processed by the organism and 
incorporated into organic compounds. The difference between 
adsorbed and mctabolically processed zinc has clearly been shown in 
experiments with Japanese quail fed spinach and lettuce (McKenna 
et al., 1992). 

To be useful, toxicity testing requires, at a minimum, the 
following information: actual exposure concentrations (nominal 
concentrations are unacceptable); acceptable control results (ix., an 
acceptably low level of mortalities and/or effects); physicochemical 
conditions (at a minimum, tcmpcrature, pH, dissolved oxygen and 
hardness); and a conccntration-response relationship. Studies that 
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met these criteria are so indicated where appropriate in the text and 
tables that follow. 

9.1.1 Microorganisms 

9.1.1.1 Water 

Studies on the effect of zinc on microorganisms in the aquatic 
environment generally measure either growth or survival. However, 
the zinc concentrations added in these tests are often too high to be 
of environmental relevance (Codina et al., 1993, 50-432 mghtre; 
Tijero et al., 1991, 200-600 mghtre). Values for the ECso (the 
concentration producing effects in 50% of the tested organisms) and 
LCs0 (the concentration killing 50% of the tested organisms) in other 
experiments varied in a species-specific manner (Table 34). 

Table 34. Zinc toxicity (LC% or ECm values in rnghtre) for 
microorganisms in the aquatic environment 

Species Duration of LCm Reference 
exposure (h) 

Drepanornonas revoluta 24 0.25 Madoni et al. (1994) 

Spirostomum teres 24 0.67 Madoni et al. (1994) 

Blepharisrna arnericanurn 24 1.05 Madoni et al. (1994) 

Tetrahymena pyriformis 56 5.77 Carter & Cameron (1 973) 

Tetrahymena pyriformis 8 c 1.00 Chapman & Dunlop (1981) 

Zoogloea rarnigera 24 approximately Norberg & Molin (1983) 

Euplotes patella 24 50.0 Madoni et al. (1992) 

3.0" 

9.1.1.2 Soil 

Laboratory experiments are often carried out without 
cquilibrium between the added zinc and the soil, which is a critical 
drawback in short-term experiments (< 3 weeks). Three parameters 
of microbial activitics in soil have been studied: mineralization of 
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macronutrients (N, S); soil respiration as a parameter of the 
mineralization of organic compounds; and general soil activity 
(dehydrogenase). Microbial activity is less affected by zinc in soils 
rich in organic materials than in sandy and loamy soils (this situation 
was found for N-mineralization (Doelman & Haanstra, 1984), soil 
respiration (Frostegird et al., 1993) and dehydrogenase activity 
(Rogers & Li, 1985). These results can be explained by differences 
in zinc speciation. 

More recent literature confirms the importance of organic matter 
in reducing the effects of zinc in microbial processes, such as the 
breakdown of glutamic acid, and phosphatase activity. Increasing 
exposure time lowers the ECso value (Table 35). 

9.1.2 Aquatic organisms 

9.1.2.1 Plants 

Acute toxicity of zinc is often determined in short-term 
experiments of 24-96 h (Table 36). In the case of unicellular algae, 
these experiments cover 1 - 4  cell-division cycles. ECso values range 
from 0.058 to 10 mg/litre (nominal concentration) in a species- 
specific manner. The toxicity of zinc depends on the external 
concentration, the zinc speciation, and the pH and hardness of the 
water (Starodub et al., 1987, Stauber & Florence, 1989). Aquatic 
macrophytes are generally insensitive to zinc. 

Most of the data for unicellular algae were obtained using 
culture media as the assay solutions. These results should be used 
with caution, since complexing agents, e.g., EDTA in the culture 
media, may reduce zinc bioavailability and lower its toxicity 
(Stauber, 1995). Crucial information with respect to physicochemical 
parameters (e.g., water hardness, dissolved organic carbon, dissolved 
oxygen) is not generally provided in most of the cited references. 

Acute toxicity values tend to be lower for marine unicellular 
algae than for freshwater species. Only one set of experiments 
satisfies the ideal criteria as previously spccificd. In these tests, no- 
observed-effect concentrations, obtained under standardized test 
conditions (OECD 201 algae growth-inhibition test) for Selenustrtim 
capricorntitztm, ranged between 30 pg/litre and 50 pghtre  (measured 
as dissolved concentration; hardness 16 mg/litre, CaC03). 
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Table 35. Impact of zinc (mglkg) on nitrogen mineralization in relation to soil types 

Process Duration ECso Reference 

Sand Sandy loam Silty loam Clay 
~ ~~~ 

Urease 6 weeks 420 480 1030 1780 Doelman & Haanstra (1986) 

18 months 230 110 - 90 

Nitrification - - 1 0oa - ca. 80 Wilson (1977) 

1000 

a No-observed-effect concentration 



Table 36. Toxicity of zinc to algae and aquatic plants in static conditions" 

Organism Temp Zinc Hardness Parameter End-point EC50 Reference 
("C) compound (CaC03 (mgllitre) 

tested mgllitre) 

Unicellular algae: freshwater 
Green algae 

Chlorella vulgaris 15.5 
Scenedesmus quadricauda 20 
Selenasfrum capricornufum 25 

Selenasfrum capricornufum 25 

Diatoms 
Navicula incerfa 19 

Unicellular algae: marine 
Marine diatoms 
Asterionella japonica 23 
Nitzschia closterium 15.5 
Nitzschia closterium 21 

sulfate n.g. 96-h ECsa culture growth 2.4 (n) Rachlin & Farran (1974) 
sulfate n.g. 24-h ECa photosynthesis > 0.225 (n) Starodub et al. (1987) 
zinc powder 16 72-h ECso culture growth 0.15 (m,d) van Woensel(l994) 

NOEC culture growth 0.05 (m,d) van Woensel(l994) 
oxide 16 72-h culture growth 0.17 (m,d) van Ginneken (1994) 

NOEC culture growth 0.03 (m,d) van Ginneken (1994) 

chloride n.g. 9-h culture growth 10.0 (n) Rachlin et ai. (1983) 

sulfate n.g. 72-h ECS0 culture growth 0.058 (n) Fisher 8 Jones (1981) 
sulfate n.g. 96-h ECso culture growth 0.271 (n) Rosko & Rachlin (1975) 
chloride n.g. 96-h EC50 culture growth 0.065 (n) Stauber 8 Florence 

(1 990) 
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Table 36 (contd.) 

Macrophytes: freshwater 
Acute toxicity 

Elodea canadensis 24 
(segments) 

Elodea canadensis n.g. 
Lemna minor n.g. 
Lemna minor 25-28 

Prolonged tests 

Elodea nuttallii 21 
Callifriche platycarpa 21 
Callifriche platycarpa 21 
Spirodela polyrhiza 21 
Lemna gibba 21 

sulfate 

sulfate 
sulfate 
chloride 

sulfate 
sulfate 
sulfate 
sulfate 
sulfate 

10 

n.g. 
n.g. 
n.g. 

n.g. 
n.g. 
n.g. 
n.g. 
n.g. 

24-h ECso 

28-d ECso 
28-d EC5o 
7-d EC5o 

14 d 
28 d 
73 d 
73 d 
73 d 

photosynthetic O2 

plant damage 
plant damage 
frond growth 
inhibition 
no toxic symptoms 
no toxic symptoms 
no toxic symptoms 
no effects observed 
no effects observed 

8.1 (n) 

22.5 (n) 
67.7 (n) 

10 (n) 

32.7 (n) . 
32.7 (n) 

0.654 (n) 
0.654 (n) 
0.654 (n) 

Brown & Rattigan (1 979) 

Brown & Rattigan (1 979) 
Brown 8 Rattigan (1979) 
Dirilgen & lnel (1994) 

Van der Werff & Pruyt 
(1982) 
Van de! Werff & Pruyt 
(1 982) 
Van der Werff & Pruyt 
(1 982) 

d = measurements expressed as dissolved zinc; m = measured concentrations; n = nominal concentrations; n.g. = not given 
a Many of the older test results should be regarded with caution because the assays were carried out in culture media containing 

complexing agents like EDTA, which could affect the bioavailability of zinc. Crucial information concerning physicochemical factors such 
as hardness, DOC and DO is lacking in most of the papers. 
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Floating aquatic plants can take up zinc by the roots and shoots 
(the lower surface with water contact). Zinc uptake is governed not 
only by the zinc concentration in the water but also by evapotrans- 
piration, which is not taken into account in most experiments with 
duckweed (Lemna minor) (Hutchinson & Czyrska, 1975; Brown & 
Rattigan, 1979; Dirilgen & Inel, 1994). ECSo values vary from 10 to 
67.7 mg/litre depending on the test period and conditions. 
Submerged aquatic plants, e.g., pondweeds (Elodea sp.), are more 
sensitive than floating aquatic plants (Brown & Rattigan, 1979). 

Permanent high exposure to zinc gives rise to the selection of 
zinc-tolerant genotypes, e.g., Lemna minor (Van Steveninck et at., 
1990) which detoxifies zinc as zinc phytate in vacuoles, and in 
several algal species (Say et at., 1977; Harding & Whitton, 1981). 
Zinc tolerance in plants and other organisms is discussed further in 
section 9.2. 

9.1.2.2 Invertebrates and vertebrates 

Information on the acute toxicity of zinc to freshwater and 
marine invertebrates is summarized in Tables 37 and 38, respect- 
ively, and to freshwater and marine fish is summarized in Tables 39 
and 40, respectively. Studies that meet the criteria specified above so 
indicated in thcse tables. 

The toxicity of zinc can be influenced both by intrinsic and by 
extrinsic factors. Numerous studies with aquatic animals have 
demonstrated that zinc toxicity decreases with increasing water 
hardness (Sinley et al., 1974; Bradley & Sprague, 1985; Winner & 
Gauss, 1986; Paulauskis & Winner, 1988; Everall et at., 1989) and 
decreasing temperature (McLusky & Hagerman, 1987; Hilmy et at., 
1987; Zou & Bu, 1994). However, Berglind & Dave (1 984) reported 
that, hardness over the range 50-300 mg/litre, CaCO,, had no 
significant effect on the toxicity of zinc to daphnids. Similarly, 
Rehwoldt ct at. ( 1  972) found no effect of temperaturc (1 5-28 "C) on 
the toxicity of zinc to freshwater fish. Smith & Heath (1979) 
reported that the effect of temperature on zinc toxicity was species 
specific. While increased tcmpcrature resulted in an increasc in 
toxicity of zinc to goldfish (Carassius ar/rat~/s) and bluegill 
(Lepomis macrochinza), i t  had no effect on the toxicity of zinc to 
golden shiners (Notetnigoni/s ctysoleucas) or rainbow trout 
(Oncorhynchus tyk iss ) .  
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Table 37. Toxicity of zinc to freshwater invertebrates" 

Organism Size/age Staffflow Temp Hardness pH Zinc compound Parameter Concentration Reference 
("C) (mgllitre) tested (mgllitre) 

Snail 
Arnnicola sp. 

Mollusc 
Ancylus fluviatilis 
Annelid 
Erpobdella oculata 
Bristle worm 
Nais sp. 

Water flea 
Daphnia magna 

<48 h 
c24 h 
<24 h 
c24 h 

stat 17 50 
stat 17 50 
stat 17 50 
stat 17 50 
stat 10 
stat 10 
stat 10 
stat 10 
stat 17 50 
stat 17 50 
stat 17-19 44-53 
stat 17-19 44-53 
stat 175 
stat 20 
stat 20 
stat 45 

7.6 
7.6 
7.6 
7.6 

sulfate 
sulfate 
sulfate 
sulfate 

7.6 
7.6 

7.4-8.2 
6.0 
6.5 
6.5 

7.4-8.2 

7.2-7.4 

chloride 
chloride 
sulfate 
sulfate 
sulfate 

~ ~~ 

28 1 (m) 
20 2 (rn) (1973) 
16 8 (m) 
14 (rn) (1 973) 
3 2 (n) Willis (1988) 
4 5 (n) Willis (1988) 
2 05 (n) Willis (1989) 
8 8 (n) Willis (1989) 
21 2 (m) 
18 4 (m) (1973) 
0 1 (n) Biesinger & 
0 28 (n) Christensen (1972) 
0 24 (n) LeBlanc (1982) 
0 151 (n) Oikari et al (1992) 
0 244 (n, hw) Oikari et al (1992) 
0 068 (n) Mount 8 Norberg 

(1 984) 

Rehwoldt et al 

Rehwoldt et al 

Rehwoldt et al 



Table 37 (contd.) 

Organism Sizelage StaVflow Temp Hardness pH Zinc compound Parameter Concentration Reference 
("C) (mghtre) tested (rngllitre) 

D. magna (contd.) <24 h stat* 20 

stat 

~ 2 4  h stat D. pulex 

Ceriodaphnia dubia stat 25 

45 7.2-7.4 

sulfate 48-h Lc50 0.75 (n) Arambasic et al. 

bromide 48-h LCs0 1.22 (m) Magliette et al. 
(1 995) 

(1 995) 

(1 984) 
48-h Lc50 0.107 (n) Mount & Norberg 

bromide 48-h Lc50 0.50 (m) Magliette et al 
(1995) 

C. reticulata ~ 2 4  h stat 45 7.2-7.4 48-h Lc50 0.076 (n) Mount & Norberg 
(1 984) 

D. hyalina 1.27 mm stat 10 

D. lumholtzi 

7.2 sulfate 48-h Lc50 0.04 (n) Baudouin & 
Scoppa (1 974) 

stat' 28.5 200 7.9 
stat' 28.5 200 7.9 

48-h LC50 2.29 (n) Vardia et al. 
96-h Lc50 0.44 (n) (1988) 



Table 37 (contd.) 

Moina irrasa <24 h stat 20 8.0 chloride 48-h LCso 0.059 (n) Zou & Bu (1994) 

M. macrocopa stat' 24-27 6.5 sulfate 48-h Lc50 1.17 (n) Wong (1 992) 

Copepod 1.27 mm 
Cyclops abyssorum 
Eudiaptomus 1.27 mm 
padanus 

stat 10 7.2 sulfate 48-h LCso 5.5 (n) 

sulfate 48-h-LCS0 0.50 (n) 

Baudouin & 
Scoppa (1 974) 
Baudouin & 
Scoppa (1 974) 

Notenboom et al 
(1 992) 

Rehwoldt et al. 
(1 973) 

10 7.2 stat 

Parastenocaris adult 
germanica adult 

stat 
stat 

10.5 
10.5 

1 o* 6.8 
6.8 

sulfate 48-h LCso 4.5 (m) 
sulfate 96-h LC50 1.7 (rn) 

24-h LCso 10.2 (rn) 
96-h LCso 8.1 (m) 

Amphipod 
Gammarus sp 

Crangonyx 4 mrn 
pseudogracilis 4 mm 
Isopod 7 mrn 
Asellus aquaticus 

stat 
stat 

17 
17 

50 
50 

7.6 
7.6 

stat 
stat 
stat 

13 
13 
13 

50 
50 
50 

6.75 
6.75 
6.75 

sulfate 48-h Lc50 121 (n) 
sulfate 96-h LCso 19.8 (n) 
sulfate 96-h Lc50 18.2 (n) 

Martin & 
Holdich 
(1986) 

Ostracod 
Cypris subglobosa 

stat' 
stat* 

28.5 
28.5 

200 
200 

7.9 
7.9 

48-h Lcso 34.99 (n) 
96-h Lc50 8.35 (n) 

Vardia et al. (1988) 
Vardia et al. (1988) 



Table 37 (contd.) 

Organism Sizelage Staffflow Temp Hardness pH Zinc compound Parameter Concentration Reference 
(mgllitre) ("C) (mgllitre) tested 

Harpacticoid 
Nitocra spinipes 

Rotifer 
Brachionus 
calyciflorus 

Midge 
Chironomus sp. 
C. tentans 

adult stat 21 

juvenile stat 20 

stat 25 

stat 17 
stat 17 

3rd instar stat 13 

Caddis fly 
Unidentified 

Damsel fly 
Unidentified 

stat 17 
stat 17 
stat 17 
stat 17 

7 

36.2 

50 
50 
25 

50 
50 
50 
50 

7.8 

7.3 

7.6 
7.6 
6.3 

7.6 
7.6 
7.6 
7.6 

sulfate 96-h Lc50 4.3 (n) 

chloride 24-h Lc50 1.32 (n) 

24-h Lc50 1.3 (n) 

24-h Lc50 21.5 (m) 
96-h Lc50 18.2 (m) 

sulfate 48-h EC50 8.2 (n) 

24-h LC50 62.6 (m) 
96-h LC50 58.1 (m) 
24-h LC5,, 32 (m) 
96-h LCs0 26.2 (m) 

Linden et al. (1979) 

Couillard et al. 
(1 989) 
Snell et al. (1991) 

Rehwoldt et al 
(1 973) 
Khangarot 8 
Ray (1 989) 

Rehwoldt et al. 
(1 973) 
Rehwoldt et al. 
(1 973) 

hw = humic water; m = measured concentrations; n = nominal concentrations; stat = static conditions (water unchanged for duration of 
test): stat* = static renewal conditions (water changed at regular intervals) 
a EC50 values based on immobilization; hardness expressed as mgllitre 03. 



Table 38. Toxicity of zinc to marine invertebrates' 

Organism Sizelage StaVflow Temp Salinity pH Zinc salt Parameter Concentration Reference 
("C) ( 0 )  (mgllitre) 

Starfish 11.2g 
Asterias forbesi 

American oyster embryo 
Crassostrea virginica 

Mussel 
Mytilus edulis 

M. edulis planulatus 

Bay scallop juvenile 
Argopecten irradians 

Surf clam juvenile 
Spisula solidissima 

Soft-shell clam 4.6 g 
Mya arenaria 

stat 

stat 

stat 

stat 
flow 

stat' 

stat' 

stat 

20 

26 

12 

20.6 
17.6 

20 

20 

20 

20 7.8 

25 

7 

34 8.0 
7.8 

25 

25 

20 7.8 

chloride 

chloride 

chloride 

chloride 
chloride 

chloride 

chloride 

chloride 

96-h LCso 39 (n) 

48-h LC5o 0.31 (n) 

24-h LCso 20.8 (n) 

96-h LCm 2.5 (m) 
96-h LCso 3.6 (m) 

96-h LCso 2.25 (n) 

96-h LCm 2.95 (n) 

96-h LCso 7.7 (n) 

Eisler & Hennekey 
(1 977) 

Calabrese et al. 
(1 973) 

Hietanen et al 
(1 988) 

Ahsanullah (1976) 
Ahsanullah (1976) 

Nelson et al. (1988) 

Nelson et al. (1988) 

Eisler & Hennekey 
(1 977) 



Table 38 (contd.) 

Organism Size/age StaVflow Temp Salinity pH Zinc salt Parameter Concentration Reference 
("C) ( * I  (mgllitre) 

Squid larvae stat 8.6 30 8.1 chloride 96-h Lc50 21.92 (m) Dinnel et al. (1989) 
Loligo opalescens 

Cabezon larvae stat 8.3 27 7.9 chloride 96-h Lc50 0.191 (m) Dinnel et al. (1989) 
Scorpaenichthys 
marmoratus 

Eastern mud snail 0.4 g stat 20 20 7.8 chloride 96-h Lc50 50 (n) Eisler 8 Hennekey 
Nassarius obsofetus (1 977) 

Amphipod 0.06 g stat 20.5 34.5 7.9 chloride 96-h LC50 0.58 (in) Ahsanullah (1976) 
Allorchestes 
compressa 

Harpacticoid copepod 
Nitocra spinipes 

chloride 96-h LCso 0.85 (n) Bengtsson 8 
chloride 96-h Lc50 1.3 (n) Bergstrom (1987) 
sulfate 96-h LCso 2.4 (n) Bengtsson 8 
sulfate 96-h LCso 2.8 (n) Bergstrom (1 987) 

Ragworm 7.6 g stat 20 20 7.8 chloride 96-h LC50 8.1 (n) Eisler & Hennekey 
Nereis virens (1 977) 



Table 38 (contd.) 
~~ 

Sandworm 0.33 g stat 18.7 34.2 7.9 chloride 96-h LCso 5.5 (m) Ahsanullah (1976) 
Neanthes vaalii 

Dungeness crab larvae stat 8.5 30 8.1 chloride 96-h Lc50 0.586 (m) Dinnel et al. (1989) 
Cancer magister 

Fiddler crab 24-29 mm stat 29 25 sulfate 96-h LC50 31.9 (n) Devi (1987) 
96-h LCS0 77 (n) Devi (1 987) Uca annulipes 24-29 mm stat 29 25 sulfate 

U. triangularis 24-29 mm stat 29 25 sulfate 96-h Lc50 39.1 (n) Devi (1987) 
24-29mm stat 29 25 sulfate 96-h-LCw 66.4 (n) Devi (1987) 

(polluted) 

(polluted) 

Hermit crab 0.5g stat 20 20 7.8 chloride 96h LC50 0.4 (n) Eisler & Hennekey 
Pagurus longicarpus (1 977) 

Grapsid crab 1.44 g stat 19.6 34.2 8.1 chloride 96-h Lc50 11 (m) Ahsanullah (1976) 
Paragrapsus 
quadridentatus 

Crab zoeae stat' 25-27 35 chloride 48-h Lc50 0.56-0.77 Greenwood & 
Porfunus pelagicus (n) Fielder (1 983) 

/? sanguinolentus zoeae stat' 25-27 35 chloride 48-h Lc50 0.62 (n) Greenwood & 
Charybdis feriatus zoeae stat' 25-27 35 chloride 48-h LCso 0.96 (n) Fielder (1983) 



Table 38 (contd.) 

Organism Size/age Staffflow Temp Salinity pH Zinc salt Parameter Concentration Reference 
("C) ( 0 )  (mgllitre) 

Copepod 
Tisbe bolofburiae 

Grass shrimp juvenile 
falaemonetes pugio 

Shrimp 0.28 g 
falaemon sp. 

Mysid juvenile 
Holmesimysis juvenile 
costata 

Prawn 30-50 mm 
Mefapenaeus 30-50 mm 

dobsoni 

stat 22 38 

stat' 20 10 

sulfate 48-h LCw 0.62 (n) Verriopoulos & 

chloride 48-h Lc50 11.3 (m) Burton & Fisher 

Dimas (1988) 

(1 990) 

stat 19.5 35.5 7.8 chloride 96-h LCSO 9.5 (m) Ahsanullah (1976) 

stat 13-15.5 34-36 sulfate 48-h LCSO 0.458 (m) Martin et al. (1989) 
stat' 13-16 34-40 sulfate 96-h Lc50 0.097 (m) Martin et al. (1989) 

stat' 27.5 7.5 sulfate 48-h LCSO 3 (n) Sivadasan et al. 
stat' 27.5 7.5 sulfate 96-h LCw 0.84 (n) (1986) 

flow = flow-through conditions (zinc concentration in water continuously maintained); m = measured concentrations; n = nominal 
concentrations; stat = static conditions (water unchanged for duration of test); stat* = static renewal conditions (water changed at 
regular intervals) 
a ECso values based on immobilization; hardness expressed as mgllitre Os. 



Table 39. Toxicity (96-h LCm) of zinc to freshwater fisha 

Organism Sizelage Stat/flow Temp Hardness pH Zinc salt Concentration Reference 
("C) (mgllitre) (mgllitre) 

Chinook salmon 1.03 g stat 12 211 7.4-8.3 chloride 1.27 (n) Hamilton & Buhl (1990) 

tshawytscha juvenile flow 11-13 20-21 7.1-7.2 sulfate 0.084 (m) Finlayson & Verrue (1982) 
Oncorhynchus (47.3%) 

alevin flow 12 23 7.1 
swim-up flow 12 23 7.1 

parr flow 12 23 7.1 
smolt flow 12 23 7.1 

>0.66 (n) Chapman (1978b) 
0.097 (n) Chapman (1978b) 
0.46 (n) Chapman (1978b) 
0.7 (n) Chapman (1978b) 

Coho salmon alevin stat 12 41 7.1-8.0 chloride 0.73 (n) Buhl & Hamilton (1990) 
0. kisufch 0.47 g stat 12 41 7.1-8.0 chloride 0.82 (n) Buhl & Hamilton (1990) 

0.63 g stat 12 41 7.1-8.0 chloride 1.81 (n) Buhl & Hamilton (1990) 
2.7 kg flow 14 25 7.4 chloride 0.91 (n) Chapman & Stevens (1978) 

Rainbow trout alevin stat 12 41 7.1-8.0 chloride 2.17 (n) Buhl & Hamilton (1990) 
0. mykiss 0.60 g stat 12 41 7.1-8.0 chloride 0.17 (n) Buhl & Hamilton (1990) 

juvenile flow 6.4-8.3 acetate 0.550 (m) Hale (1977) 
alevin flow 12 23 7.1 0.815 (n) Chapman (1978b) 

swim-up flow 12 23 7.1 0.093 (n) Chapman (1978b) 



Table 39 (contd.) 

Organism Sizelage Stat/flow Temp Hardness pH Zinc salt Concentration Reference 
("C) (mgllitre) (mgllitre) 

Rainbow trout (contd.) parr 
smolt 
2.7 kg 

juvenile 
juvenile 
25-70 g 

160-290 g 

Cutthroat trout 
Salmo clarki 

0.6 g 
0.9 g 
0.9 g 
1.og 
1.og 
1.og 

Fathead minnow 79 mg 
Pimephales promelas 1-2 g 

1-2 g 

flow 
flow 
flow 
flow 
flow 
flow 
flow 

stat 
stat 
stat 
stat 
stat 
stat 

flow 
stat 
stat 

12 23 7.1 
12 23 7.1 
10 83 7.45 
15 26 6.8 
15 333 7.8 

12.7 137 7.3 
12.9 143 7.1 

10 38 7.5 
15 43 7.5 
10 40 7.8 
10 40 8.5 
10 38 6.5 
5 38 7.5 

25 220 7.8 
25 20 7.5 
25 360 8.2 

chloride 
sulfate 
sulfate 
sulfate 
sulfate 

sulfate 
sulfate 
sulfate 
sulfate 
sulfate 
sulfate 

sulfate 
sulfate 
sulfate 

0.136 (n) Chapman (1978b) 
>0.651 (n) Chapman (1978b) 
1.76 (n) Chapman 8 Stevens (1 978) 
0.43 (n) Sinley et al. (1974) 
7.21 (n) Sinley et al. (1974) 
2.6 (m) Meisner & Quan Hum 
2.4 (m) (1987) 

0.152 Mayer & Ellersieck (1986) 
0.600 Mayer & Ellersieck (1986) 
0.130 Mayer & Ellersieck (1 986) 
0.061 Mayer & Ellersieck (1986) 
0.100 Mayer & Ellersieck (1986) 
0.074 Mayer & Ellersieck (1986) 

2.61 (n) Broderius & Smith (1979) 
0.77-0.96 (n) Pickering & Henderson 
33.4 (n) (1 966) 



Table 39 (contd.) 

1-2g stat 25 20 7.5 acetate 0.88 (n) Pickering & Henderson 
1-2 g stat 15 20 7.5 2.33 and (1966) 

2.55 (n) 

Arctic grayling fry stat 12 41 7.1-8.0 chloride 0.32 (n) Buhl & Hamilton (1990) 
Thymallus arcficus alevin stat 12 41 7.1-8.0 chloride 2.92 (n) Buhl & Hamilton (1990) 

0.20 g stat 12 41 7.1-8.0 chloride 0.14(n) Buhl & Hamilton (1990) 
0.85 g stat 12 41 7.1-8.0 chloride 0.17 (n) Buhl & Hamilton (1990) 

Bluegill 1-2 g stat 25 20 7.5 sulfate 4.85-5.82 (n) Pickering & 
Lepomis macrochirus 1-2 g stat 25 360 8.2 sulfate 40.9 (n) Henderson 

1-2 g stat 15 20 7.5 6.44 (n) (1 966) 

Pumpkinseed stat 28 55 8.0 
Lepomis gibbosus 

Banded killifish stat 28 55 8.0 
Fundulus diaphanus 

20.1 (m) Rehwoldt et al. (1972) 

19.2 (m) Rehwoldt et al. (1972) 

Striped bass 
Roccus saxafilis 

stat 28 55 8.0 6.8 (m) Rehwoldt et al. (1972) 



Table 39 (contd.) 

Organism Sizelage Stat/flow Temp Hardness pH Zinc salt Concentration Reference 
("C) (mgllitre) (mgllitre) 

~ ~~~ 

White perch stat 28 55 8 0  
Roccus amencanus 

14.4 (rn) Rehwoldt et al. (1972) 

American eel 
Anguilla rostrafa 

Carp 
Cyprinus carpio 3.2 cm 

6.0 cm 
47-62 mm 

Goldfish 1-2 g 
Carassius aurafus 

GUPPY 0.1-0.2 g 
Poecilia reticdata 

stat 28 55 8.0 14.5 (m) Rehwoldt et al. (1972) 

stat 28 55 8.0 7.8 (m) Rehwoldt et al. (1972) 
stat' 15 7.1 sulfate 0.45-1.34 (n) Alam & Maughan (1992) 
stat' 15 7.1 sulfate 1.64-2.25 (n) Alam & Maughan (1992) 
stat' 15 19 6.3 sulfate 3.12 (n) Khangarot et al. (1983) 

stat 25 20 7.5 sulfate 6.44 (n) Pickering & Henderson 
(1 966) 

stat 25 20 7.5 sulfate 1.27 (n) Pickering 8 Henderson 
(1 966) 



Table 39 (contd.) 

Flagfish juvenile flow 25 44 7.1-7.8 sulfate 1.5 (n) Spehar (1976) 
Jordanella floridae 

Channelfish 500 mg stat 
Nuria denricus 

4 6.1 6.06 (n) Abbasi & Soni (1986) 

Tilapia subadult stat 9.3 20-22 6.7 sulfate 33 (n) Hilmy et al. (1987) 
Tilapia zilli subadult stat 25 20-22 6.7 sulfate 13 (n) Hilrny et al. (1987) 

Catfish subadult stat 9.3 20-22 6.7 sulfate 52 (n) Hilrny et al. (1987) 
Clarius lazera subadult stat 25 , 20-22 6.7 sulfate 26 (n) Hilrny et al. (1987) 

flow = flow-through conditions (zinc concentration in water continuously maintained); rn = measured concentrations; n = nominal 
concentrations; stat = static conditions (water unchanged for duration of test); stat' = static renewal conditions (water changed at 
regular intervals) 
a Hardness expressed as CaC03 in rngllitre. 



Table 40. Toxicity of zinc to marine fish 

Organism Sizelage StaVflow Temp Salinity pH Zinc salt Parameter Concentration Reference 
("C) ( 0 )  (mgllitre) 

Chinook salmon 2.6 g stat 11-13 brackish 7.6-8.1 chloride 96-h LC50 2.88 (n) Hamilton & Buhl (1990) 

tshawytscha 
Oncorhynchus (47.3%) 

Atheriniform fish 0.03-0.1 g flow 26-27 14 
Rivulus marmoratus 

96-h LC50 119.3-176.6 Lin 8 Dunson (1993) 

Mummichog 0.02-0.1 g flow 26-27 14 96-h Lc50 129.5 (n) Lin & Dunson (1993) 
Fundulus juvenile stat* 20 10 chloride 48-h Lc50 96.5 (m) Burton & Fisher (1990) 
heteroclitus 

1.3 g stat 20 ' 20 7.8 chloride 96-h Lc50 60 (n) Eisler & Hennekey 
(1 977) 

Grey mullet 0.87 g flow 12 34.6 7.7 nitrate 96-h LCS0 21.5 (m) Taylor et al. (1985) 
Chelon labrosus 



Table 40 (contd.) 

English sole larvae stat i 2  
Parophrys vetulus 

sulfate 96-h Lc50 14.5 (n) Shenker 8 Cherr (1990) 

Bleak 8 c m  stat 10 7 7.8 chloride 96-h LCso 32 (n) Linden et al. (1979) 
Alburnus alburnus 8 cm stat 10 7 7.8 sulfate 96-h LC50 41.9 (n) Linden et al. (1979) 

Tidewater silverside larvae stat 25 20 
Menidia peninsulae 

sulfate 9-6h Lc50 5.6 (n) Mayer (1987) 

spot adult stat 26 25 sulfate 96-h LCso 38 (n) Mayer (1 987) 
Leiostomus xanthurus 

flow = flow-through conditions (zinc concentration in water continuously maintained); m = measured concentrations; n = nominal 
concentrations; stat = static conditions (water unchanged for duration of test); stat* = static renewal conditions (water changed at 
regular intervals) 



EHC 221: Zinc 

Zinc toxicity is also influenced by water pH and salinity, 
although the dose-response relationship is not necessarily monotonic 
(McLusky & Hagerman, 1987; Meinel & Krause, 1988; Reader et 
al., 1989). Notenboom et al. (1992) found no effect of reducing 
dissolved oxygen concentration (5.4 mg/litrc to 0.1 mghtre) on the 
toxicity of zinc to the copepod, Parastenocanis germanica. 
Paulauskis & Winner (1988) reported that the toxicity of zinc to 
Daphnia magna decreased with increasing concentrations of humic 
acids. 

Bengsston (1 974a) reported that yearling minnow (Pho,rinzrs 
phoxinzis) were more sensitive to zinc than adults, and Naylor et al. 
( 1990) reported that juvenile Gammarzis ptile.y and Asellzis aqziaticzrs 
were more sensitive than large adults. However, other studies have 
found little effect of organism age on zinc toxicity (Martin et al., 
1989; Collyard et al., 1994). 

Acute and short-term toxicity 

Of the studies reported in Table 37, the results from five 
freshwater crustaceans meet the minimal data requirements. For four 
species the LC5,, values for zinc at 48-96 h range from 0.5 to 
10 mg/litre; Asellzis aquaticus was less sensitive to zinc 
( 1  94-575 mg/litre). Other acute toxicity test results reported range 
from 0.04 to 2.29 mg/litrc zinc for daphnids (Daphnia, Ceriodaphnia 
and Moina) to 28.1 and 62.6 mg/litre for a snail species and a 
caddisfly, respectively. 

Acute toxicity results for eight marine invertebrate species were 
acceptable, in accordance with the minimal data requirements 
(Table 38). The 96-h LC5,, values for four species (including cabezon, 
amphipod, crab and mysid species) ranged from 0.191 to 
0.586 mg/litre; those for the remaining species ranged from 2.5 to 
1 1.3 mg/litre. Other results rangcd from 0.3 1 (American oyster) to 
77 mg/litre (fiddler crab). 

Dinnel et al. (1989) reported on short-term zinc toxicity tests 
with the early life stages of echinoderms. Threshold values ( E C 4  
for the purple sea urchin (Strongvlocentrotz/s piirpwatiis) were 23 
and 262 &litre for embryo development ( 1  20 h) and gamete 
fertilization (80 min), respectively. Using the lattcr end-point, these 
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Effects on Other Organisms in the Laboratory and Field 

authors also report ECso values of 383 and 28 pg/litre for the green 
sea urchin (S. droebuchiensis) and the sand dollar (Dendraster 
excentricus). 

Baird et al. (1991) found that the 48-h ECso for zinc for different 
clones of Daphnia magna ranged from 0.76 to 1.83 mg/litre. 
Hietanen et al. (1988) exposed the common mussel Mytilus edulis to 
increased zinc concentrations in brackish water (salinity 7.) at a 
temperature of 12 "C. The 24-h ECso values, based on an increased 
opening response and on byssal attachment, were found to be 1.35 
and 0.64 mghtre  respectively. Kraak et al. (1994a) calculated the 
48-h EC5", based on filtration rate, to be 1.35 mg/litre for the zebra 
mussel (Dreissenu polymorpha). The no-observed-effect concen- 
tration (NOEC) for the same parameter was 0.19 mghtre. 

Acute zinc toxicity data for two species of freshwater fish met 
the minimal requirements (Table 39). The 96-h LCso values for 
Oncorhyrichus tshawytscha and 0. mykiss were 1.27 and 
2.6 mg/litre, respectively. Other results for freshwater fish ranged 
from 0.061 to 52 mghtre .  

Data on three marine fish species were acceptable (Table 40). 
The 96-h LCSo values ranged from 21.5 mg/litre for grey mullet 
(Chelon lubrostis) to 176.6 mg/litre for Rivtrlw marmorutus. A 96-h 
LCsO range of 2.88 to 129.5 mg/litre was found in the other reported 
data. 

Norberg & Mount (1985) calculated the 7-day LCS0 for the 
fathead minnow (Pimephules promelus) to be 0.238 mghtre  in Lake 
Superior water (hardness 48 mghtre, CaC03). No zinc-induced 
growth inhibition was observed at 0.18 mghtre  but survival was 
significantly lower at that concentration. The maximum acceptable 
toxicant concentration was estimated to be 0.125 mghtre. Magliette 
et al. ( 1  995) exposed larval fathead minnow (Pimephules promelus) 
to zinc bromide in 7-day static renewal tests. The 7-day LC5" and 
ECju (growth), based on measured concentrations, were 0.78 and 
0.76 mghtre  rcspectively. The lowest-observed-effect concentration 
(LOEC) for growth was 0.63 mg/litre. 

Reader et al. (1989) found that mortality in brown trout (Sulmo 
truttu) exposed to zinc at a concentration of 281 pghtre  at pH 6.5 in 
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EHC 221: Zinc 

soft water (calcium 22 pmol/litre) remained low during 30-day 
exposures, while in fish exposed to 0.316 mg/litre at pH 4.5, 
mortality was greater than 80%. 

Mount et al. (1994) fed rainbow trout (Oncorhynchus mykiss) on 
a brine shrimp (Artemia sp.) diet containing zinc at concentrations of 
920, 930 or 1900mg/kg dw for up to 60 days. No significant 
mortality or effect of zinc on growth was observed during the 
experiment. Spry et al. (1988) fed rainbow trout (0. mykiss) on a 
purified diet containing zinc concentrations of 1, 90 and 590 mg/kg, 
which ranged from deficient to excessive. Fish were simultaneously 
exposed to zinc concentrations in water of up to 0.5 mdlitre for 16 
weeks. There was no significant difference in the physical condition 
of fish in any treatment compared with controls. 

Chronic and long-term to-ricity 

Data that meet the selection criteria are presented in Table 41 for 
freshwater invertebrates and in Table 42 for freshwater fish. No data 
are presented for marine and estuarine species. Table 41 contains 
data for four invertebrate species, two crustaceans, an insect and a 
snail, tested under a variety of experimental conditions and in waters 
of different pH (6.9-8.39), hardness (1 5-197 mg/litre, CaC03) and 
humic acid concentration. The threshold zinc concentrations range 
from 25 to 225 pg/litre (both values for D. magna) and clearly 
illustrate the influence of water hardness and humic acid 
concentration on zinc toxicity. 

With respect to freshwater fish (Table 42), there are primary 
chronic toxicity data for six species covering water hardness ranging 
from 35 to 374 mg/litre, CaC03 For water hardness of 
2 100 mg/litre, CaC03, all NOECs are 2 500 mg/litre, except in one 
behavioural study (Korver & Sprague, 1989), which reported a 
NOEC of 60 mg/litre. For studies in which water hardness was 
I 100 mg/litre, CaC03, all NOECs were I50 mg/litre. 

Freshwater stiidies 

Farris et al. (1989) studied growth and cellulase activity in the 
Asiatic clam (Corbicula sp.) during a 30-day exposure to zinc sulfate 
conccntrations ranging from 0.034 to 1 . 1  mg/litre. The cellulase 
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Table 41. Long-term and chronic toxicity to freshwater invertebratesa 

Species Life stage/age End-point pH Hardness Humic Temp Duration Threshold Reference 
(mgllitre) acid ("C) (days) (zinc in 

(mg/litre) pgllitre) 

Water flea < 24 h 
Daphnia magna 

Ceriodaphnia dubia c 24 h 

Midge eggs 
Tanyfarsus dissimilis 

Snail adults 
Ancylus fluviatilis 

survival (Lc50) 
production of 

production of 
young (MATC) 

young (EC50) 

production of 
young (MATC) 

survival (L&) 

7.74 
7.74 

8.39 
8.32 
8.29 
8.29 
8.39 

8 

7.5 

eggs per capsule 6.9 
(NOEC-LOEC) 

45.3 
45.3 

51.9 
101.8 
197 
197 
51.9 

97.6 
113.6 
182 

46.8 

- 18 21 
- la 21 

- 20 50 
- 20 50 
- 20 50 
1.5 20 50 
1.5 20 50 

25 7 - 

- 22 10 

158 
102 

25 . 
87.5 
175 
225 
100 

22 
71 
71 

36.8 

Biesinger 8 Christensen 
(1 972) 

Paulauskis 8 Winner 
(1 988) 
Paulauskis & 
Winner 
(1 988) 

Belanger & Cherry 
(1 990a) 

Anderson et al. (1980) 

15-15.3 - - 31 105-1 87 Willis (1 988) 

LOEC = lowest-observed-effect concentration; MATC = maximum acceptable toxicant contamination; NOEC = no-observed-effect 
concentration 
a Measured zinc concentrations were k 15% at nominal concentrations. 



Table 42. Lona-term and chronic toxicitv to freshwater fish 

Species Life stagel End-point pH Hardness Humic Temp Duration Threshold Reference 
age (rngllitre) acid ("C) (days) (pg zincllitre 

(mgllitre) 

Brachydanio rerio embryo- hatchability 7.5 100. - 25 16 500 Daveet.al. (1987) 
larval (NOEC) 

fhoxinus phoxinus yearling growth 7.5 (3.9dH; - 12 150 80.6 Bengtsson (1 974a) 
(MATC) alkalinity; 

64 mg/litre) 

Oncorhyncus yearling growth and hypo- 7.3 374 - 10 100 763 Watson & McKeown 

Pimephales males avoidance 8.1 318 - 20 7.5 130.5 Korver & Sprague 

mykiss (45 g) glycaemia (MATC) (1 976) 

promelas (4.6 g) (MATC) (1 989) 



Table 42 (contd.) 

I? promelas full life critical end-point 7-8 46 - 25 154 106 Benoit 8 Holcombe 
cycle (MATC) (1 978) 

0. nerka adult survival, fertility, 7.2 35 - 9-14 21 months 164.6 Chapman (1978a) 
embryo- fecundity, growth, 
juvenile osmoregulation, 

acclimation 
(MATC) 

Salvelinus 3-gener- all life-cycle 7.0-7.7 45 - 9 3 gener- 852 Holcombe et al. (1979) 
fontinalis ation life- parameters (egg ations 

cycle fragility was 
critical end-point) 
(MATC) 

MATC = maximum acceptable toxicant contamination ; NOEC = no-observed-effect concentration 



EHC 221: Zinc 

index declined following weight and shell loss between days 20 and 
30 at the lower dose and by day 30 the growth rate was only 50% of 
controls. At the higher dose, animals did not grow after 5 days and 
had a rapidly declining cellulase index; 50% of the clams at this 
exposure concentration died. 

Munzinger & Guarducci (1 988) exposed thc freshwater snail 
Biomphalaria glabrata to increased zinc concentrations (0.5 to 
> 5.0 mg/litre) for 33 days. At a zinc concentration of 1.5 mg/litre, 
60% of young snails and 20% of adults died; at concentrations of 
2 3.0 mg/litre no snails survived. Egg capsules were produced at zinc 
conccntrations of up to 1.5 mg/litre. The number of eggs per capsule 
and the fecundity of the molluscs wcre significantly reduced by zinc 
exposure. 

Mirenda (1986) calculated thc 2-wcek LCso for zinc for the 
crayfish (Orconectes virilis) to be 84 mg/litre in soft water 
(26 mg/litrc, CaC03). Bodar ct al. (1989) exposed parthenogenetic 
eggs of Daphnia magna to zinc concentrations of 10, 50 and 
100 mg/litre. Exposure at 10 and 50 mg/litre had no significant effect 
on death rates in the six early life stages. There was no effect of zinc 
on survival, even at the highest exposure concentration, during 
developmental stages 1 and 2 (these stagcs take about half of the 
development time from egg to juvenile). Thc toxicity of zinc at 
100 mg/litre was exerted during stages 3-6. Winner ( 1  98 1) studied 
the toxicity of zinc to Daphnia magna in lifetime exposure tests. 
Zinc causcd a significant reduction in body length of primiparous 
animals and longevity at concentrations of 2 0.1 mg/litre; however, 
mean brood sizes of animals rcarcd at 0.2 mg/litrc wcre not 
significantly different from those of control animals. Winner & 
Gauss (1986) found that an increase in water hardness from 52 to 
102 mg/litre (CaC03) resulted in a significant reduction in zinc 
toxicity as cstimated from survival curves over a 50-day exposure to 
zinc at 0.125 mgllitre. The addition of humic acid (1.5 mg/litre) to 
soft water (52 mg/litre, CaC03) significantly increased survival. 

Paulauskis & Winner ( 1  988) studied the effect of zinc on the 
brood size of Dcrphnia magna in chronic (50lday) toxicity tests. An 8 

increase in water hardness from 50 to 200 mg/litre (CaCO3), and thc 
addition of humic acid (1.5 mg/litre) significantly reduced the toxic 
effect of zinc on brood size. NOEC values wcre 0.1 and 
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0.025 mg/litre in soft water with and without humic acid and 0.225 
and 0.175 mg/litre in hard water with and without humic acid, 
respective1 y. 

Belanger & Cherry (1 990) exposed Ceriodaphnia dubia to zinc 
in reproductive toxicity tests at three pH levels (6, 8 and 9) in three 
different surface waters from Virginia and Louisiana, USA. In New 
River water (hardness, 97.6 mg/litre, CaC03) significant repro- 
ductive impairment, as measured by the number of young per 
female, was found at a zinc concentration of 0.025 mg/litre at pH 6 
and 8, while in Amy Bayou water (hardness, 1 13.6 mghtrc, CaC03) 
significant reproductive impairment was noted at 0.1 mg/litre. 
Reproductive impairment was found at 0.05 mghtre  in Clinch River 
water at pH levels of 6 and 9 but not 8. 

Biesinger & Christensen (1 972) exposed Daphnia magna to zinc 
chloride for 3 weeks. The 3-week LCSO was 0.16 rng/litre; the 3-week 
ECSo, based on reproductive impairment, was 0.10 mg/litre. Enserink 
et al. (1991) calculated the 21-day LCSO for Daphnia magna to be 
0.84 rng/litre in Lake ljssel water (background zinc concentration 
< 0.01 mg/litre; hardness, 225 mg/litre, CaC03). An ECSo based on 
population growth was 0.57 mg/litre. Munzinger & Monicelli (1991) 
carried out 21-day tests on Daphnia rnagna at added zinc 
concentrations of 0.05, 0.10 or 0.15 mg/litre in lake water (total zinc 
< 6 pg/litre). No significant effects on survival or reproduction were 
reported at the two lower concentrations. At 0. I5 mghtre, mortality 
was 80%, the number of progeny was reduced by more than 50%, 
and primiparous individuals were significantly smaller and produced 
significantly fewer eggs. 

Wong (1993) studied the effect of zinc on the longevity and 
reproduction of the cladoceran Moina macrocoya reared in aquarium 
water with a zinc content of less than 1 pg/litre. A significant 
reduction in survival was observed at < 0.5 mg/litre within 1 day. 
The LTSO (time taken for 50% of animals to die) was reduced by 
more than 2 days at a zinc concentration of > 0.45 mghtre  and the 
average life span was reduced by more than 50% at > 0.70 mg/litre 
compared to controls. The net reproductive rate decrcased abruptly at 
0.7 mg/litre. 
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Maltby & Naylor ( 1  990) exposed Gumrnuriis pule,y to zinc 
concentrations of 0. I ,  0.3 or 0.5 mg/litre in 7-day tests. Zinc had no 
significant effect on either the number or size of offspring released 
from the current brood or on the number of offspring released from 
the subsequent brood, incubated under non-stressed conditions. The 
metal did cause a significant reduction in the size of offspring 
released from the subsequent brood and a positive correlation 
between zinc concentration and the number of broods aborted. 

Anderson et al. (1 980) calculated a 1 0-day LCs0 for zinc for the 
midge Tunytursris dissimilis reared in unfiltered Lake Superior water 
(background zinc concentration 5.1 pg/litre) to be 0.037 mg/litre. 
The midges were exposed to zinc during embryogenesis, hatching 
and larval development to the 2nd or 3rd instar. In flow-through life- 
cycle tests with caddisfly (Clistoroniu rnugnificu), the highest zinc 
concentration tested, 5.2 mg/litre, had no significant effect on any 
life stage (Nebeker et al., 1984). 

Dave et al. ( 1  987) reported the results of a ring test of the 16-day 
embryo-larval toxicity test on zebrafish (Bruchydunio rerio) using 
zinc sulfate as the toxicant. Hatching time delay was found to be the 
most sensitive parameter, with an NOEC of 0.5 mg/litre. Dawson et 
al. (1988) studied the effect of zinc on fathead minnow (Pirnephules 
promelus) and South African clawed toad (Xenopus luevis) in 
embryo-larval assays. Static renewal tests were conducted for 6 days 
with minnow embryos to allow for hatching to take place and for 4 
days with toad embryos. LCsO values were found to be 3.6 mg/litre 
for fathead minnows and 34.5 mg/litre for toad embryos. ECso 
values, based on malformation, were 0.8 and 3.6 mghtre  for the two 
species, respectively; the minimum concentrations that significantly 
inhibited growth were 0.6 and 4.2 mg/litre, respectively. 

Sayer et al. ( 1  989) exposed yolk-sac fry of brown trout (Salmo 
triitfu) to zinc concentrations of 4.9, 9.8 and 19.5 pg/litre (75, 150 
and 300 nmol/litre) at pH 4.5 and calcium concentrations of 20 or 
200 pmol for 30 days. Mortalities were high (70-100%) at the lower 
calcium concentration for all three zinc concentrations. No deaths or 
significant effects on mineral uptake were observed for zinc at the 
higher calcium exposure. 

224 



Effects on Other Organisms in the Laboratory and Field 

Bengtsson ( 1  974a) exposed both yearling and adult minnows 
(Phminus phoxinus) to zinc as zinc nitrate in freshwater 
(< 0.02 mghtre) over a 150-day period. Yearlings were the most 
sensitive, with growth significantly reduced at 0.13 mgllitre. 
Suppressed growth was associated with reduced feeding activity. 

Chapman (1 978a) studied the chronic toxicity of zinc to sockeye 
salmon (Oncorhynchus nerku) in a 22-month adult-to-smolt toxicity 
test. Fish were exposed to zinc concentrations ranging from 30 to 
242 pg/litre in well-water (background zinc concentration 2 pghtre; 
hardness, 35 mghtre, CaC03). No adverse effects on survival, 
fertility, fecundity, growth or the subsequent survival of smolts 
transferred to seawater were observed. 

Spehar (1 976) exposed flagfish (Jordunellu Jloridue) to zinc 
concentrations ranging from 28 to 267 pg/litre during a complete 
life-cycle test in untreated Lake Superior water (background zinc 
concentration 10 pg/litre; hardness, 44 mghtre, CaC03). The 30-day 
survival of  larvae previously cxposcd to zinc as embryos was 
significantly reduced at 267 &litre, while growth (100 days) was 
significantly reduced at 139 pg/litre. Reproduction was unaffected at 
zinc concentrations of up to 139 pghtre. In a second experiment, 
fish were not exposed as embryos and significant reductions were 
observed in survival at 85 pghtre  after 30 days. The growth of 
female fish (100 days) was significantly reduced at 51 pg/litre. I t  
should bc noted that background zinc concentrations were less than 
1 pg/litre in the second experiment. Spehar et al. (1978) found that 
cadmium (4.3-8.5 pg/litre) did not influence the mode of action of 
zinc under the same experimental conditions. The joint action of the 
toxicants on survival was little different from the toxicity of zinc 
alone. 

Benoit & Holcombe (1978) carried out fathead minnow 
(Pitnephules protnelus) life-cycle tests in Lake Superior water (mean 
total zinc 2 pghtre)  at total zinc concentrations ranging from 44 to 
577 pghtre .  The most sensitive parameters were egg adhesiveness 
and fragility, which were significantly affected at 145 pg/litre but not 
at 78 pghtre .  Hatchability and survival of larvae were significantly 
reduced, and deformities at hatching significantly increased at 
2 295 pgllitre. 
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Holcombe et al. (1979) found no significant harmful effects on 
brook trout (Salvelinus fonfinalis) exposed to zinc concentrations 
ranging from 2.6 (control) to 534 pg/litre for three generations in 
Lake Superior water. In a second experiment, a zinc concentration of 
1368 pg/litre significantly reduced both the survival of embryos and 
12-week-old larvae. 

Kumar & Pant (1984) studied the toxic effects of zinc on the 
gonads of the fish Puntius conchonius exposed to one-third of the 
96-h LCs0 for zinc (which is 33.26 mg/litre) for up to 4 months. Male 
fish showed dilation in the testicular blood capillaries with necrosis 
and disintegration of the seminiferous tubules. Significant atresia in 
the ovary and damage to younger oocytes was found in female fish. 

Watson & McKeown ( I  976) exposed yearling rainbow trout 
(Oncorhynchw mykiss) to zinc concentrations ranging from < 0.1 
(control) to 1 . I2  mght re  for up to 63 days. Growth was significantly 
inhibited at 1.12 mg/litre. Significant hyperglycaemia was found at 
all zinc exposure concentrations after 7 days but the condition 
remained significant by the end of the experiment only at 
1.12 mghtre. 

Nemcsbk et al. (1984) found that zinc chloride ( I ,  10 or 
50 mghtre) did not decrease acetylcholinesterase activity in serum, 
brain, heart or muscle of common carp (Cyprinus carpio) exposed 
for 2 h. 

Korver & Sprague ( 1  989) analysed the ability of male fathead 
minnows (Pirnephales prornelas) to avoid zinc concentrations 
ranging from 0.02 (control) to 13.5 mghtre  for up to 180 min. The 
LOEC was found to be 0.284 mg/litre; however, when fish were 
exposed in the presence of a shelter, the LOEC was 1.83 mg/litre. 

Bengtsson (1974b) studicd the effect of zinc on the ability of 
minnows (Phoxinzrs phoxinta) to compensate for a rotating water 
mass. Fish were exposed for approximately 100 days and significant 
adverse effects were found at 0.06 mg/litre for under yearlings, 
0.16 mghtre  for yearlings and 0.2 mg/litre for adults. 
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Seawater studies 

Calabrese et al. (1973) exposed eggs of American oyster 
(Crassostrea virginica) from within one hour of fertilization for 
42-48 h to zinc chloride under static conditions (26 OC; salinity 
25.). An ECso based on embryonic development was calculated to 
be 0.3 1 mg/litre. In similar tests, Calabrese & Nelson ( 1  974) found 
the ECso for the hard clam (Mercenaria rnercenaria) to be 
0.166 mg/litre. Calabrese et al. (1 977) found the 8-10 day LCso and 
an EC5,], based on growth, for hard clam larvae (Mercenaria 
mercenaria) to be 195.4 and 61.6 pghtre ,  respectively, when tested 
in natural seawater. The values do not include the background zinc 
concentration of 17.7 pg/litrc. Stromgren (1 982) studied the effects 
of zinc on growth of the common mussel Mytiliis edulis in tests of 
10-22 days. Zinc concentrations ranging from 0.01 to 0.20 mg/litrc 
were added to local seawater (background zinc concentration 
5 pghtre). Significant reductions in growth were observed at 
0.01 mghtre; an ECSo of 0.06 mght re  was calculated for days 2-6. 

Hunt & Anderson (1989) exposed the red abalone Haliotis 
rifescens to increased zinc concentrations in natural seawater. A 48-h 

based on larval development, and a 9-day ECSo, based on 
metamorphosis, were found to be 0.068 and 0.050 mg/litre, 
respectively; NOEC values for the two parameters were 0.037 and 
0.0 19 mgllitre, respectively. 

Dinnel et ai. (1989) exposed the purple sea urchin (Strongyle- 
centrotiis purpiiratiis), green sea urchin (Strongylocentrotiis 
droebachiensis) and red sea urchin (Strongylocentrotiis.franciscantis) 
to zinc in 120-h sperm/fertilization tests. The sand dollar 
(Dendraster e.rcentrictrs) was exposed to zinc in a 72-h test. ECso 
values were found to bc 0.26, 0.38, 0.31 and 0.028 mgllitre in the 
sperm test for the four species, respectively. 

Reish & Carr (1978) found that the rcproduction of the 
polychaetous annelids Ctenodrillirs serratus and Ophryotrochu 
diaderna was significantly inhibited at zinc concentrations of 
2 0.5 mg/litre in 21-day tests. 

Bengtsson & Bergstrom (1987) found that the 13-day ECSo, 
based on fecundity, for the harpacticoid copepod Nitocra spinipes 
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ranged from 0.17 to 0.43 mg/litre. There was no significant effect of 
salinity, which ranged from 7. to 25.. 

Price & Uglow (1979) found the LTsO for the marine shrimp 
Crangon crungon to be 130 h at a zinc concentration of 
14.4 mg/litre. When the test was carried out on various moult stages, 
LTsO values were 64, 140 and 152 h for the post-moult, inter-moult 
and pre-moult stages respectively. 

Macdonald et al. (1988) exposed embryos of yellow crab 
(Cancer anthonyi) to zinc in 7-day tests. Zinc concentrations of 
2 0.1 mghtre  significantly reduced survival. Hatching of embryos 
and larval survival were significantly reduced at 0.01 mg/litre; no 
embryos hatched at zinc concentrations of 1 1  .O mg/litre. 

Redpath & Davenport (1 988) reported that the pumping rate in 
the common mussel (Mytilin edulis) decreased with increasing zinc 
concentration and stopped completely at zinc concentrations in the 
range 0.47-0.86 mg/litre. 

Weeks (1993) found a significant reduction in the feeding rate of 
the talitrid amphipod Orchestiu gammurelliis at dietary zinc 
concentrations ranging from 63 to 458 mg/kg during 48-h tests. 
However, no significant effect was found in 20-day exposures. 

Somasundaram et al. (1984a) exposed the Atlantic herring 
(Clupea harengzis) to zinc concentrations ranging from 0.1 to 
6 mg/litre for up to 408 h. Zinc concentrations of 2 2 mg/litre 
significantly decreased total egg and yolk volumes throughout the 
study. At zinc concentrations of 0.1, 0.5 and 2.0 mghtre, the 
development rate of eggs was faster than controls but at 6 mg/litre 
the rate was slower. 

Somasundaram et al. ( 1  984b) incubated eggs of Atlantic herring 
(Cliipea harengiis) at four zinc concentrations (0.5, 2.0, 6.0 and 
12.0 mg/litre). The ultrastructural changes in the trunk muscle tissue 
of larvae hatched from the eggs were examined by morphometric 
analysis. The mean relative volumes of mitochondria, sarcoplasmic 
reticulum and muscle fibre were significantly increased and the 
surface:volumc ratio of the mitochondrial cristae was significantly 
reduced. The ultrastructural changes in brain cells of larvae were also 

228 



Effects on Other Organisms in the Laboratory and Field 

examined (Somasundaram et al., 1984~) .  All zinc exposures caused 
significant swelling of the nuclear membranes and rough 
endoplasmic reticulum, an increase in intracellular spaces and a 
decrease in the relative volumes of mitochondria. Somasundaram et 
al. (1985) studied the iiltrastructural changes in the posterior gut and 
pronephric ducts of the herring larvae. Significant changes were 
observed only at zinc concentrations of 6.0 and 12.0 mg/litre; the 
endoplasmic reticulum, perinuclear space and mitochondria were 
swollen and there was a reduction in the surface:volume ratio of the 
mitochondrial cristae. At the highest zinc concentration, the posterior 
gut cells showed signs of necrosis. Examination of the epidermal 
structure revealed more vesicles and intracellular spaces in the 
epidermal cells, swollen mitochondria and signs of necrosis at zinc 
concentrations of 6.0 or 12.0 mg/litre (Somasundaram, 1985). 

9.1.2.3 Effects on communities 

Mesocosms 

Belanger et ai. ( 1  986) exposed the Asiatic clam (Corbiczdu sp.) 
to zinc concentrations ranging from 0.025 to 1 mg/litre for 30 days in 
outdoor artificial stream systems. Background total zinc concen- 
trations ranged from 0.02 to 0.094 mg/litre. Zinc concentrations of 
2 0.05 mg/litre significantly reduced weight gain between days 20 
and 30. Exposures to zinc at 1 mg/litrc resulted in mortality of 
10-50%0 by day 30. 

Center et al. (1988) added zinc at a concentration of 0.5 mg/litre 
to a flow-through stream mesocosm and studied the effects on an 
established periphyton community for 30 days. Seven diatoms and a 
coccoid green alga wcre significantly inhibited by zinc exposure. 
The algal total biovolume-density was reduced to < 5%0 of control 
levels by zinc from days 5-30. Zinc addition reduced piotozoan 
numbers by more than 50%. I 

Marshall et al. (1983) conducted in situ experiments in Lake 
Michigan (background zinc concentration - 1 pg/litre) to determine 
the responses of the plankton community to added zinc for 2 weeks. 
Total zinc concentrations of 17.1 pg/litre significantly reduced 
chlorophyll CI, primary productivity, dissolved oxygen, specific 
zooplankton populations and zooplankton species diversity. 
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Niederlehner & Cairns (1993) studied the effect of zinc on a 
naturally-derived periphyton community collected from a 195-ha 
lake (pH 7.1 ; hardness, 12.6 mghtre; background zinc concentration 
13.3 pg/litre). Toxicity tests with added zinc at concentrations of 73 
and 172 pg/litre were camed out in dechlorinated tap water (pH 
7.78; hardness, 73.8 mg/litre; zinc 1.3 pg/litre) for 21 days. Species 
richness was significantly impaired at the higher zinc exposure; 
primary production and community respiration were impaired at both 
zinc concentrations. The community was then exposed to pH levels 
ranging from 3 to 4.5 for 48 h. The pH stress significantly reduced 
species richness from the initial levels in controls and at both zinc 
concentrations. No significant differences between zinc treatments 
were observed at pH < 4.0. 

Colwell et al. (1989) studied the effect of zinc on epilithic 
communities in artificial streams. Zinc concentrations of 0.05 and 
1 mg/litre were added to the streams (background zinc concentration 
0.02 mghtre). After 30 days, greater biomass and lower 
pr0tein:carbohydrate ratios were evident in cpilithon exposed to the 
highest zinc concentration compared to the controls. Metal-tolerant 
populations had replaced metal-sensitive organisms by the end of the 
experiment at the higher zinc exposure. 

. 

Kiffney & Clements ( 1  994) exposed benthic macroinvertebrate 
communities from two different sites to zinc (I30 pghtre) for 
7 days. The background zinc concentrations at the two collection 
sites and in the artificial stream were below detection limits. 
Significant effects were observed at the community and population 
level following the addition of zinc. Specifically, mayflies from both 
sites were sensitive to zinc, but the magnitude of the response varied 
between sites. The results indicated that benthic macroinvertebrate 
communities from different strcam orders may vary in sensitivity to 
zinc. 

Field observations 

Etxeberria et al. (1 994) reported that increasing environmental 
levels of bioavailable zinc are associated with enlargcd digestive 
lysosomes in mussels. 

Solbe (1977) found that macroinvertebrates and fish were 
adversely affected by effluent from a steel works entering a hard 
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water stream that had its source in the neighbouring limestone hills. 
The observed concentration of dissolved zinc in the river was 
25 mghtre; ammonia was the only other contaminant found at 
concentrations toxic to aquatic life, and it was quickly oxidized. 

Graham et al. ( 1  986) found increased mortality of rainbow trout 
(Oncorhynchus m-vkiss) at zinc-contaminated sites on the Molonglo 
River, New South Wales, Australia when compared with non- 
contaminated sites on the same river. Zinc concentrations of up to 
2.32 mg/litre in the water and 1016 mg/kg dw in gill tissue were 
reported. The authors concluded that the concentrations of copper 
measured in the water were not sufficiently high to be lethal to the 
fish, although copper could have acted synergistically with zinc. 

Hogstrand et al. (1989) reported that hepatic levels and 
metallothionein in perch (Percuflzwiutilis) caught downstream from 
a brass works in Sweden reflected the water concentration of zinc 
(0.56-59 pg/litre). A significant correlation was found between 
hepatic zinc and metallothionein levcls. 

Clements & Kiffney ( 1  995) examined benthic macroinvertebrate 
community responses to heavy metals at 33 sites in six Colorado 
streams (USA) in which zinc concentrations ranged from 2 to 
691 pghtre. The number of taxa and species richness of mayflies 
(Ephemeroptera), and the abundance of most mayfly and stoncfly 
taxa were significantly reduced at sites where the zinc concentration 
exceeded the hardness-based criterion . 

Van Tilborg ( 1  996) reported on a freshwater stream in Belgium 
(the Kleine Nete) which contained total zinc at an average of 
60 pg/litre (range <20-140 pg/litre). According to the Belgian Biotic 
Index, this stream has a high quality ecosystem. 

9.1.3 Terrestrial organisms 

9.1.3.1 Plants 

Geochemical diffcrences in zinc concentrations in soils and 
autonomic selection processes during the evolution of plants result in 
a great variation in zinc demand and zinc content between plant 
species and between plant genotypes of the same species. As a 
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general rule, plants from environments poor in zinc are characterized 
by low zinc concentrations, those from zinc-enriched environments 
by high concentrations (Ernst, 1996). Within each ecosystem, 
biodiversity can only be maintained if species differ in their various 
ecological niches; zinc-demand is one variable. There is no 
convincing explanation as to why certain plant species have a higher 
uptake rate and accumulation pattern of zinc than others, although 
one possible reason may be to develop a defence against herbivores 
by accumulating high metal levels (Ernst et al., 1990). A great 
variation of zinc content is well known in forest ecosystems growing 
on soils with a normal zinc content. This variation is due to a number 
of factors including changes in the degree of infestation with 
endomycorrhizal fungi during a growing season and changes in 
ectomycorrhizal partners during the life history of the plant. When 
comparing zinc-sensitive and zinc-tolerant genotypes, it was found 
that, in zinc-tolerant genotypes only, the rapid compartmentation of 
zinc in the vacuole is one reason for an increased demand for zinc 
(Mathys, 1977). Zinc-activated enzymes, such as carbonic 
anhydrase, therefore reach the same activity in tolerant plants at 
higher external zinc concentrations than in zinc-sensitive plants. This 
response pattern has to be interpreted as a decrease in zinc efficiency 
in zinc-tolerant plants given the same level of zinc uptake by both 
genotypes (Harmens et al., 1993a). Zinc tolerance in plants is coded 
by only two major genes (Schat et al., 1996). Whether these genes 
are related to the zinc-efficiency genes reported from soybean 
varieties (Hartwig et al., 1991) remains to be investigated. 

Therefore critical zinc levels cannot be established by analysing 
only the zinc content of leaves or other plant tissues; i t  is necessary 
to test the zinc demand of the plant genotype, its potential for 
physiological flexibility (allocation and retranslocation) (Emst, 
1995), siderophore exudation (Von WirCn et al., 1996), and cellular 
zinc compartmentation. The aim should be to establish the range of 
effects on the physiological processes under consideration from no 
effect up to 100% effect. 

Toxicity to plunts grown hydroponically and in soil 

All such experiments involve acute toxicity, defined as toxicity 
over less than one life cycle in duration (seed to seed: cereals, rape, 
trees) or a harvest cycle (spinach, lettuce, cabbage). Zinc toxicity is 
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first expressed in reduced root growth, a parameter that is used 
routinely in testing zinc-resistance in plants (Antonovics et ai., 1971; 
Wainwright & Woolhouse, 1977; Schat et al., 1996). In higher plants 
the toxicity of zinc increases with exposure time, and therefore 
increasing zinc concentration in the plant and translocation from root 
to shoot (Mitchell & Fretz, 1977; Rauser, 1978; Dijkshoorn et al., 
1979; Davies, 1993; Sheppard et al., 1993). 

Zinc toxicity affects general physiological processes, e g ,  
transpiration, respiration and photosynthesis, and plant development 
in general can be visibly inhibited. Stunted growth, leaf epinasty and 
chlorosis of the younger leaves are striking symptoms of strong zinc 
toxicity. However, at lower degrees of zinc toxicity, these visible 
symptoms are less pronounced or can even be absent, whereas at the 
cellular level several processes are affected, owing to increases in 
local metal concentrations. Several mechanisms of metal action at 
the physiological and biochemical level have been described (for a 
review see Chaney, 1993; Vangronsveld & Clijsters, I994), ranging 
from disturbance of cell division (Powell et al., 1986a,b; Davies et 
al., 1991) and ion balance (Emst, 1996) to inhibition of 
photosynthesis (Van Assche & Clijsters, 1986). In Phuseolus 
vulgaris, growth inhibition and stress enzyme induction were both 
observed to occur when exactly the same internal zinc concentration 
was exceeded (Van Assche et al., 1988). 

The critical leaf tissue concentration of zinc at which growth is 
affected was found for many plant spccies to be between 200 and 
300 mg/kg dry matter (Davis & Beckett, 1978; Van Assche et al., 
1988; Balsberg Pihlsson, 1989; Vangronsveld & Clijsters, 1992; 
Mench et al., 1994; Marschner, 1995). However, zinc phytotoxicity 
in leaves can depend to a large extent on the plant species, the age of 
the leaf and other factors, such as exposure period and exposure 
concentration. 

Evaluations of phytotoxicity of zinc-polluted substrata are 
generally made by chemical analysis of the substratum itself. These 
results give rise to misinterpretations since availability of zinc to 
plants in and consequently metal uptake from the substratum are 
functions of the chemical form of the element in the soil, several soil 
parameters (e.g., pH, organic matter content, soil type) and plant 
species. Moreovcr, soils are frequently contaminated by a mixture of 
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metals. Each of these materials separately can be phytotoxic, or they 
can interact in a synergistic, antagonistic or cumulative way (Beckett 
& Davis, 1978) (see section 9.3). The physiological and metabolic 
responses of test plants can be considered as a biological criterion for 
the total phytotoxic effect, since they are the result of the interactions 
of the metals present in the soil with other soil factors (biotic or 
abiotic) and with the plant. Phytotoxicity responses of test plants 
grown under controlled environmental conditions only reflect further 
the interference with metabolic processes of metals assimilated 
through the roots. Morphological responses (elg., root growth, stem 
elongation, leaf expansion, biomass) and physiological and 
biochemical parameters (respiration, photosynthesis, capacities of 
enzymes and isozyme patterns, but not phytochelatin levels) can be 
used for the evaluation of phytotoxicity (Van Assche & Clijsters, 
1990; Vangronsveld & Clijsters, 1992; Harmens et al., 1993b) 
(Tables 43-44). 

Table 43. Impact of zinc-enriched sewage sludge added to non-dried 
sassafras sandy loam on crop plants (after Chaney, 1993) 

Crop species Yield as % of Geometric mean of Chlorosis” 
control zinc shoot 

(mglkg dry weight) 

Red fescue 17.2 965 1.8 
Tall fescue 69.8 1060 1.7 
Canadian blue grass 16.4 898 2.3 
Cyperus 33.6 580 3.1 

Soybean 11.4 1140 4.2 
Lettuce 1.2 3620 4.6 

Barley 57.6 1060 1.4 

a Range of 1-5 with 5 being severe chlorosis 

Concentrations of zinc that are subtoxic or non-toxic to plants 
may have metabolic cffccts higher up thc food chain. The 
disappearance of herbivorous insects on zinc-tolerant plants is one 
example of differences in species-specific tolerances (Emst et al., 
1990). Similarly, the zinc-content of zinc-efficient plants may be 
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Table 44. Acute toxicity of zinc to plants grown in hydroponic culture or soil 

Plant species Exposure End-point Toxicity data Parameter Reference 

Concentration Time 
(mgllitre) (days) 

Hydroponic culture 0-450 16 biomass, NOEC 8.3-27.2 mgllitre Davis & 
Hordeum vulgare concentration 168460 mglkg dw Becketi (1 978) 

LDloo 150-800 mgllitre 
1000-8000 mg/kg dw 

Phaseolus vulgaris 0.975-26 4 biomass, starch NOEC 0.975 mgllitre Rauser (1 978) 
content EC50 26 mgllitre 

Phaseolus vulgaris 0-1 990 16 primary leaf physio- NOEC 189-266 rnglkg dw Van Assche et al. 
(1 988) EC50 500 mglkg dw (for logy and zinc 

concentration shoot length) r 

Allium cepa 6.5-65 2 root length NOEC 6.5 mgllitre Arambasic et 
EC50 25.9 rngllitre al. (1 995) 

Lepidium sativum 65-1 64 2 root length NOEC 65 mg/litre Arambasic et 
ECso 547 mgllitre al. (1 995) 



Table 44 (contd.) 

Plant species Exposure End-point Toxicity data Parameter Reference 

Concentration Time 
(mgllitre) (days) 

Loliurn perenne 0-30 14 root length NOEC < 0.1 mgllitre Wong 8 
ECso 1.6 mgllitre Bradshaw (1982) 

Festuca rubra 0-0.2 4 mitosis Powell et al 
zinc-sensitive EC17 0.2 rngllitre (1 986a) 
zinc-tolerant +NOEC 0.2rngllitre 

Acer rubrum 0-0.4 78 root growth, zinc ECso 0.05 mgllitre Mitchell & Fretz 
content zinc root 2190 rnglkg dw (1 977) 

zinc leaf 381 mglkg dw 

Picea abies 0-0.4 66 root growth, zinc ECso 0.2 mgllitre Mitchell 8 Fretz 
content zinc root 4125 rnglkg dw (1 977) 

zinc needle 1440 mglkg dw 

Pinus strobus 0-0.4 78 root growth, zinc ECso 0.2 mgllitre Mitchell 8 Fretz 
zinc root 9375 mglkg (1 977) 
zinc needle 1005 rng/kg 

content 



Table 44 (contd.) 

Soil 
Acer rubrum 

Picea abies 

Pinus strobus 

Plantago lanceolata 

Trifolium repens 

Lolium perenne 

0-1 65 mglkg 
pH 6.7 

0-1 65 mglkg 
pH 6.7 

0-1 65 mglkg 
DH 6.7 

9.5-614 rnglkg 
pH 4.4, 4% organic 
matter 

9.5-614 mg/kg 
pH 4.4, 4% organic 
matter 

9.5-614 mglkg 
pH 4.4, 4% organic 

root growth, zinc 
content 

root growth, zinc 
content 

root growth, zinc 
content 

6 zinc content 
weeks 

6 zinc content 
weeks 

6 zinc content 
weeks 

NOEC 
zinc root 
zinc leaf 

NOEC 
zinc root 
zinc needle 

+NOEC 
zinc root 
zinc needle 

EC50 

165 rnglkg in soil 
618 rnglkg dw 
209 rnglkg dw 

165 rnglkg in soil 
615 mglkg dw 
127 mglkg dw 

165 rnglkg in soil 
1430 rnglkg 
314 rnglkg 

>lo10 rnglkg in leaf 

800 rnglkg leaf 

500-600 rnglkg leaf 

Mitchell & Fretz 
(1 977) 

Mitchell & Fretz 
(1 977) 

Mitchell & Fretz 
(1 977) 

Dijkshoorn et al. 
(1 979) 

Dijkshoorn et al 
(1 979) 

Dijkshoorn et al. 
(1 979) 

matter 

NOEC = no-observed-effect concentration; dw = dry weight 
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insufficient for optimum performance of herbivorous animals and 
humana, especially if all the cellular zinc is present in a form which 
is not readily bioavailable. 

9.1.3.2 Invertebrates 

Haight et al. (1982) calculated 24-h, 48-h and 72-h LC5(, values 
for zinc of 82, 39.4 and 20 mg/litre (added as zinc sulfate to the 
growth medium), respectively, for juvenile free-living nematodes 
(Punugrelliis siliisiue) and 255, 95. I and 47.5 mg/litre for adults. 

Neuhauser et al. (1 985) exposed earthworms (Eiseniufetidu) to 
zinc in contact and artificial soil toxicity tests. In 48-h contact tests 
L C ~ "  values were 1 3  pg/cm2 for zinc acetate, 1 2  pg/cm2 for zinc 
chloride, 10 pg/cm2 for zinc nitrate and 13 pg/cm2 for zinc sulfate. 
There were no significant differences between the toxicities of the 
different zinc salts. In an artificial soil test, the 2-week LC5(, was 
found to be 662 mg/kg. Spurgeon et al. (1994) reported the 14-day 
LCso for E. fetidu to be I010 mg/kg. The 56-day LCS0 and NOEC 
were 745 and 289 mg/kg respectively; the EC5,, and NOEC based on 
cocoon production were 276 and 199 mg/kg respectively. 

Neuhauser et al. ( I  984) exposed earthworms (E.  fefidu) to zinc 
concentrations of 1000, 2500, 5000 and I O  000 m g k g  of manure 
(dry weight) for 6 weeks. Zinc at 2 5000 mg/kg significantly reduced 
growth and cocoon production. Similar rcsults were obtained with 
four different zinc salts (acetate, chloride, nitrate and sulfate). The 
growth rate and reproduction had returned to normal after a 
subsequent 6-week period without zinc. Malecki et al. (1982) 
exposed earthworms (E. fe f ida)  to six different zinc salts for 8 wceks. 
Significant reductions in cocoon production wcrc observed at zinc 
carbonate and sulfate concentrations of 500 mg/kg dw. A zinc 
concentration of 2000 mg/kg adversely affected reproduction 
(acetate, chloride and nitrate) and growth (chloride, nitrate and 
sulfatc). Zinc oxide significantly affected both growth and 
reproduction at 4000 mg/kg. Zinc carbonate did not adversely affect 
growth at the highest exposure (40 000 mgkg).  Long-term studies 
(20 weeks) with zinc acetate rcvealed significant reductions in 
cocoon production at 5000 mg/kg. Van Gestel et al. ( 1  993) cxposed 
earthworms (E. undrei) to zinc as zinc chloride at concentrations in 
dry artificial soil of 100-1000 mg/kg. Zinc significantly reduced 
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reproduction at soil concentrations of 560 and 1000 mg/kg and 
induced the production of malformed cocoons. ECso values for the 
effect of zinc on cocoon production and the number of juveniles per 
worm per week were 659 and 512 mg/kg dry soil, respectively. At 
the end of a 3-week recovery period, reproduction had returned to 
normal. 

Marigomcz et al. (1986) fed terrestrial slugs (Arion d e r )  for 
27 days on a diet containing zinc concentrations ranging from I O  to 
1000 mg/kg. No treatment-related effect on mortality was observed. 
Zinc concentrations of 1000 mg/kg significantly reduccd feeding 
activity and growth. 

Beyer & Anderson (1 985) fed woodlice (Porcellio scaber) for 64 
weeks on soil litter containing zinc at concentrations of up to 
12 800 mg/kg. Soil litter containing 2 1600 mg/kg had adverse 
effects on reproduction; adult survival was reduced at 2 6400 mg/kg. 
Woodlice fed diets containing up to 20 000 mg/kg for 8 weeks 
showed decreased survival at concentrations of 2 5000 mg/kg (Beyer 
et al., 1984). 

9.1.3.3 Vertebrates 

High dietary levels of zinc are frequently fed to poultry to force 
moulting and reduce egg deposition (Hussein et al., 1988). Stahl et 
al. ( 1  990) fed hens on a diet containing zinc at conccntrations of 48, 
228 or 2028 mg/kg for 12 or 44 weeks. Zinc treatments had no effect 
on overall egg production, feed conversion, feed consumption, 
hatchability, or progeny growth to the age of 3 weeks. Zinc levels 
were elevated in eggs from hens fed the diet containing 2028 mg/kg, 
but chick performance and tissue zinc contcnt were unaffected by 
maternal zinc nutritional status. Stahl ct al. (1989) fed chicks on a 
diet containing zinc at 37 (control), 100 or 2000 mg/kg for 21 days. 
There were no zinc-related deaths; at the highest exposure growth 
rate was decreased, anaemia was evident, tissue copper and iron 
decreased and tissue zinc increased. 

Japanese quail (Coturnk cotr~rni,~japonica) fed a diet containing 
zinc (as zinc oxide) at 15 000 nig/kg for 7 days showed significant 
reductions in body weight. Egg production approached zero on day 
3, cggshell brcaking strcngth was reduced and moulting was induced 
(Hussein et al., 1988). 
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Dewar et al. (1983) fed 2-week-old chicks on a diet containing 
zinc at 74 (controls), 2000, 4000 or 6000 mg/kg for 4 weeks. High 
mortality was noted at the highest dose; all groups receiving zinc- 
supplemented food showed an increased incidcnce of gizzard and 
pancreatic lesions. Similar results were found when 1 -day-old chicks 
were fed a diet containing zinc at 1000, 2000 or 4000 mg/kg for 
4 weeks and when hens were fed diets containing I O  000 or 
20 000 mg/kg for only 4 days. No lesions were found in hens 
exposed for 4 days to 10 000 mg/kg followed by 28 days on a control 
diet. Dean et al. (1991) fed day-old male chicks a diet containing 
zinc at 73 (controls) or 5280 mg/kg for 4 weeks. The zinc- 
supplemented feed significantly decreased body weight but did not 
affect food consumption compared with controls. Serum cholesterol, 
thyroxine and triiodothyronine levels were significantly reduced; 
serum growth hormone was significantly reduced but had recovered 
by thc cnd of the experiment. 

Gasaway & Buss ( 1  972) maintained young mallard duck (Anus 
plutyrhynchos) on a diet containing zinc concentrations ranging from 
3000 to 12 000 mg/kg for 60 days. Food intake and body weight 
showed decreases as thc level of zinc in the diet increased. Zinc 
caused reductions in pancreas and gonad weight in relation to body 
weight. The ratio of adrenals and kidney to body weight increased 
significantly. No significant changes in the 1ivcr:body weight ratios 
were observed. In ducks exposed to zinc there was partial paralysis 
of the legs, diarrhoea and weight loss within I O  days; severe 
paralysis was noted in some ducks within 20 days. Slight anaemia 
was found after 30 days but by day 45 cxtreme anaemia was 
observcd in most of the cxposed birds. High mortality was noted in 
all groups during thc 60-day experiment with only 2 of the 45 
exposed ducks surviving the whole time period. Zinc toxicosis 
consisted of paralysis of the legs, high concentrations of zinc in 
pancreas and kidney, and yellowish-red kidneys. 

Zinc poisoning of birds has been reported as a result of the 
ingestion of zinc, for instance, from wire mesh cages (Van der Zcc et 
al., 1985; Reece et al., 1986). Grandy et al. (1968) dosed mallard 
ducks (A .  plutyrhynchos) orally with eight No. 6 zinc shot and 
observed them for 30 days: three of the 15 birds died within the 
observation period. Thc average weight loss among surviving birds 
was 22%, significantly more than in control birds. Only three of the 
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mallards dosed retained the zinc shot until the end of the study. Signs 
of intoxication in order of increasing severity were stumbling, an 
inability to run, complete loss of muscular control of the legs, loss of 
swimming ability and spasmodic wing movements. However, i t  
should be noted that the zinc pellets were found not to be pure zinc 
but contained 92% zinc, 0.16% lead, a trace of iron and 7% not 
determined. French et al. (1987) dosed mallard ducks with five or ten 
No. 6 zinc shot (99.9% purity) and observed the birds for 28 days. 
Observation during the experimental period, post-mortem 
examination and histopathological examination revealed no effects 
of zinc on the dosed birds. 

Mammals can also die from ingestion of zinc. Straube & Walden 
( I  98 I )  reported that 20 of 25 ferrets (M~rstelu putorills firro) being 
used in an experiment died of renal failure after eating raw meat that 
was accidentally contaminated with zinc from the wire cages. Zinc 
poisoning was diagnosed after autopsy and laboratory investigation. 

Straube et al. (1980) fed ferrets (M. pwtoriusfiiro) on a basal diet 
(zinc content 27 mg/kg) with zinc supplements of 500, 1500 or 
3000 mg/kg for up to 6 months. The ferrets fed the two highest 
concentrations showed severe signs of toxicity between weeks 1 and 
2, with the animals at the highest exposure dying within 2 weeks. 
Lesions included diffuse nephrosis, haemorrhages in the intestine 
and severe macrocytic hypochromic anaemia. 

Bleavins et al. (1983) fed mink (M. vison) on a diet 
supplemented with zinc at 500 mg/kg for 2.5 months. No clinical 
signs of zinc toxicity were observed and the zinc supplement was 
increased to 1000 mg/kg. Again, no signs of zinc toxicity were 
observed; however, the offspring of zinc-treated females showed 
achromotrichia, alopecia, lymphopcnia and a reduced rate of growth 
suggesting copper dcficiency, although other signs of this latter 
condition (anaemia and neurotropenia) were not observed. Aulerich 
et al. (1991) fed adult and kit male and fcmale mink on a basal diet 
(zinc content 40 mg/kg) supplemented with zinc at 500, 1000 or 
1500 mg/kg for 144 days. No marked adverse effects on food 
consumption, body weight gains, haematological parameters, fur 
quality or survival were observed. Histopathological examination of 
the liver, kidneys and pancreas did not reveal any lesions indicative 
of zinc toxicosis. 
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Racey & Swift (1986) housed pipistrelle bats (Pipistrellzis 
pipistrellzis) in roosting cages treated with zinc octoate. The pregnant 
female bats (three groups of IO), collected from nursery roosts, were 
trained to feed on mealworms before transfer to the experimental 
cages. The cages were metal, lined with plywood and painted with 
zinc octoate as a solution in white spirit at 0.5 litre/m2 and containing 
8% zinc as metal (as rccommended by the manufacturers), or with 
white spirit. Treatment of the wood was conductcd 2 months before 
introduction of the bats into the cages. During the course of the 142- 
day experiment, there were 2 deaths in the zinc ocoate group, 2 in 
the white spirit control group and 3 in the untreated control group. 

9.2 Tolerance to zinc 

Tolerance to zinc (and other metals) has been documented in a 
wide variety of plants and animals. Tolerance may occur in two ways 
(Miller & Hendricks, 1996): through acclimatization at some early 
stage in the life cycle, or through natural selection. The latter process 
is heritable, the former is not. Howcver, as noted by Bervoets et al. 
( 1  996), few studies have discriminated even the effects of 
acclimatization on metal uptake or toxicity. Some key studies that 
have done so are detailed below. 

Free-living fungi, as well as those associated in mycorrhiza with 
higher plants (vesicular-arbuscular mycorrhiza, ectomycorrhiza), 
have enhanced zinc resistance in zinc-enrichcd soils (Colpaert & Van 
Assche, 1992; Gadd, 1993). All tested actinomycetes and non-spore 
forming bactcria isolated from a site contaminated with metals were 
zinc tolerant, growing normally in mcdia containing zinc 
concentrations of 39-1 30 mg/litre (600-2000 pmol/litre) (Jordan & 
Lechevalier, 1975). Shehata & Whitton (1981) reported that blue- 
green algae arc often frequent in waters with vcry high levels of zinc, 
and laboratory assays have shown that these algae are much more 
resistant to zinc than most isolates from sites lacking zinc 
enrichment. Hornor & Hilt (1985) determined the distribution of 
zinc-tolerant bacteria from three stream sites containing high 
(3 125 pg/litre), medium (29 1 pg/litre) and low ( I  09 pg/litre) 
Concentrations of zinc. Zinc tolerance was estimated by the ability of 
bacteria to grow on mcdia amcndcd with zinc (4-5 12 mgllitre). The 
presence of zinc-tolerant bacteria was corrclated with the degree of 
heavy metal contamination. Zinc concentrations ranging from 4 to 
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16 mg/litre were stimulatory to growth of bacteria from 
contaminated sites while concentrations of 4 mg/litre were inhibitory 
to bacteria from the control site. 

Antonovics et al. (1971) reviewed metal tolerance in plants and 
found several examples of plant communities that show high 
tolerance to zinc. Most of the studies that relate to zinc tolerance are 
associated with soils enriched with zinc either naturally or by metal 
mining activity. All plants growing for a long time on zinc-enriched 
soils have evolved a zinc resistance regardless of whether they are 
fungi, mosses, fcms or angiospcrms. Shaw (1990) noted that the 
development of metal tolerance in plants is among the best observed 
examples of evolution related to natural and anthropogenic stress. 

Acclimatization and adaptation to zinc have been demonstrated 
by Miller & Hendricks (1996) for Chironorniis riparius. Other 
examples of zinc resistance in aquatic organisms are provided by 
Klerks & Weis ( 1  987), Klerks & Lcvinton ( 1  989) and Klerks ( 1  990). 

Pre-exposure of rainbow trout to zinc at a concentration of 
2 mg/litre for more than 5 days significantly decreased the acute 
toxicity of the metal (Bradley & Sprague, 1985). Anadu et al. (1  989) 
found that acclimatization to a zinc concentration of 50 @itre 
increased the tolerance of juvenile rainbow trout by a factor of 3-5. 
Maximum tolerance was achieved within 7 days with no further 
change noted after 2-3 weeks. Further studics revealed that there 
was no increase in tolerance after acclimatization periods of less than 
3 days. Tolerance to zinc was rapidly lost following retum to control 
water, with almost complete reversion to control tolerance after only 
7 days. Hobson & Birge (1989) found that tolcrance to zinc in 96-h 
acute toxicity tests increased significantly after 14 days of exposure 
to zinc at 0.6 mg/litre but decreased significantly following exposure 
to 1.8 mg/litre for 7 and 14 days. After 21 days of pre-exposure to 
0.6 or 1.8 mg/litrc there was no significant effect on acute toxicity 
compared with controls. The authors found no correlation between 
changes in tolerance and observed changes in metallothionein-like 
proteins. Hogstrand & Wood (1995) rcported that acclimatization to 
zinc in rainbow trout adapted to fresh water can develop without any 
detectable increase in zinc accumulation in the gills or liver. 
Acclimatization to zinc does not necessarily involve induction of 
metallothionein. The inhibition of the calcium influx by zinc is 
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mainly competitive in its nature, and persists during chronic 
exposure, indicating that zinc and calcium compete for the same 
uptake sites. Zinc-adapted fish have a decreased rate of zinc influx 
compared to controls. The authors therefore speculated that fish are 
able to regulate the uptake of zinc separately from calcium so that, in 
zinc-adapted fish, zinc influx can be markedly reduced without 
altering the influx of calcium. 

Joosse et ai. (1984) found that a tolerant population of the 
terrestrial woodlouse (Porcellio scaber) from a contaminated site 
regulated its body contcnt of zinc at a higher level than a control 
population. Another population of P scaber collected from a zinc- 
contaminated area was found to be adapted to high zinc and 
cadmium concentrations (Van Capelleveen, 1987). However, 
individuals from the contaminated site produced larger quantities of 
metalloproteins and showed lower growth efficiencies and drought 
resistance than individuals from a control site. 

Differences in assimilation ratcs for zinc in two populations of 
centipede, (Lithobiia variegutus) were found to be related to the 
degree of contamination of the site from which the population was 
collected (Hopkin & Martin, 1984). Centipedes from a contaminated 
site survived longer than those from an uncontaminated site when 
both populations were fed on woodlice hepatopancreas with high 
concentrations of metals. A review of resistance in terrestrial 
invertebrates is provided by Posthuma & Van Straalen (1993). 

9.3 Interactions with other metals 

Zinc can behave antagonistically in combination with copper 
(Ahsanullah et al., 1988; Vranken et al., 1988; Kraak et al., 1994b) 
and synergistically with lead or iron alone or in combination 
(Ahsanullah et al., 1988; Konar & Mullick, 1993), and with mercury 
or nickel (Vranken et al., 1988). Zinc and cadmium can show 
additive toxicity (Negilski et al., 1981; Kraak ct al., 1994b). Metal 
interactions can vary, however, depending on physicochemical 
conditions. For instance, Tomasik et al. (1995) found that zinc 
toxicity in soft water (50 mg/litre, CaC03) was lowered by 
magnesium and molybdenum and increased by cobalt or selenium. 
However, in hard water (100 mg/litre, CaC03) zinc was either 
inhibited by all metals (at a concentration of 1 mghtre) or there was 
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a weak synergism (at 0.5 mg/litre). Similarly, Biesinger et al. (1986) 
found that different zinc concentrations resulted in different 
interactions (with cadmium and mercury). 
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10. EVALUATION OF HUMAN HEALTH RISKS 
AND EFFECTS ON THE ENVIRONMENT 

10.1 Homeostatic model 

Zinc is an essential trace clcment that can cause symptoms of 
deficiency and can be toxic when exposures excecd physiological 
needs. This relationship is described by a homeostatic model that 
takes the form of a U-shaped curve; the arms of the curve express 
risk of deficiency or exccss, with the portion of the curve between 
the arms expressing the range of exposure (intake) that is related to 
optimal function (good health) (Fig. 1). The relationship between 
intake and hcalth is affected by physiological factors (homeostasis) 
and by extrinsic factors that affect the availability of zinc for 
absorption and utilization or that interfere with the metabolism of 
zinc and biochemical processes that require zinc. In nature these 
relationships are not necessarily symmetrical. 

The homeostatic model defines the principle of an acceptable 
range of exposures for an essential trace element like zinc. In the 
acceptable range, zinc, which is necessary for various metabolic 
processes, embryonic devclopment, cellular differcntiation and cell 
proliferation, provides the substrates for expression of the genetic 
potential of the individual, i.e., optimum growth, health, 
reproduction and development. Environmental levels of zinc 
providing exposurcs or intakes within thc acceptable range do not 
produce adverse effects among the gencral human population or the 
cnvironment. However, there are individuals or groups with 
imbalances in relation to othcr tracc elements, or with disorders in 
homeostatic mechanisms that experience effects, of either deficiency 
or toxicity, from exposures within the acceptable range. These 
disorders may be acquired or of genetic origin. 

10.2 Evaluation of risks to human health 

People are exposed to zinc primarily from food, although oral 
exposure can become excessive through non-dietary sources. Certain 
occupational exposures can be hazardous. 
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Fig. 1. Percent of population subjected to deficiency and toxicity effects according 
to exposurefintake. As  intake drops below A risk for deficiency increases; at 
extremely low exposures or intakes all subjects will manifest deficiency. As 
exposure or intakes increase beyond B a progressiuely larger proportion of 
subjects will exhibn effects oftoxicity. 

10.2.1 Exposure of general population 

The estimated average daily dietary zinc intakes range from 5.6 
to 13 mg/day in infants and children from 2 months up to 19 years 
and from 8.8 to 14.4 mg/day in adults aged 20-50 years. Flesh foods 
(Le., meat, poultry, fish and other seafood) are rich sources of readily 
available zinc, while fruits and vegetables contain relatively low zinc 
concentrations. For omnivorous adults, more than one-third of 
dietary zinc can be provided by flesh foods, whereas for vegetarians, 
plant-based foods are the major dietary source. Mean daily intake of 
zinc from drinking-water is estimated to be < 0.2 mg/day. 
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Intakes via dermal and inhalation routes are generally 
insignificant in the general population. Consumption of dietary 
supplements of zinc as well as prolonged treatment with 
pharmaceuticals containing zinc may result in high exposure to zinc. 

The absorption of zinc from diets based on solid foods generally 
ranges from < 15% to 55% (about 2&30% from an omnivorous 
diet), depending on the composition of the diet, as well as the 
nutritional (especially in relation to zinc), physiological and health 
status of the individual. When major dietary zinc sources are 
unrefined cereals, nuts and legumes, absorption is low, owing 
primarily to the inhibitory effect on zinc absorption of phytate and, 
to a lesser extent, Maillard browning products and dietary fibre. 

The major excretory route for ingested zinc is via the faeces 

10.2.2 Occupational exposure 

Occupational exposure to dusts and fumes of zinc and zinc 
compounds can occur in a variety of settings in which zinc is 
produced, or in which zinc and zinc-containing materials are used. 
Typical airborne exposures observed include 0.19-0.29 mg/m3 
during the smelting of zinc-containing iron scrap, 0.9G6.2 mg/m3 at 
non-ferrous foundries and 0.076-0.101 mg/m3 in hot-dip galvanizing 
facilities. Far higher exposures are possible during particular job 
activities, such as welding of zinc-coated steels in the absence of 
appropriate respiratory protection and/or fume extraction engineering 
controls. 

Occupational exposure to high levels of zinc oxide and/or non- 
ferrous metals is associated with metal-fume fever. This is usually a 
short-term, self-limiting syndrome, characterized by fever and chills. 
Induction of metal-fume fever is most common with ultra-fine 
partic!es capable of deep lung penetration under conditions of 
exposure. Studies on volunteers conducted under short-term 
exposure conditions (77-153 mg/m3 for 15-30 min) have detected 
pulmonary inflammation responses (including cytokine induction) 
which are consistent with manifestations of metal-fume fever and 
support an immunological etiology for this acute reversible 
syndrome. 

, 
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Based on the available information, it is not possible to define a 
no-effect level for pulmonary inflammation from exposure to zinc 
oxide fume. 

10.2.3 Risks of zinc deficiency 

Zinc is an ubiquitous and essential element. Dietary reference 
values for zinc for adults range from 6 to 15 mg/day (depending 
upon the bioavailability factor used). However, large numbers of 
people are believed to ingest insuficient bioavailable zinc. The 
effects of zinc deficiency are well documented and may be severe. 
They include impaired neuropsychological functions, oligospermia, 
growth retardation, impaired reproduction, immune disorders, 
dermatitis and impaired wound healing. Most of these effects are 
treatable with adequate amounts of zinc. 

Because of the lack of data on zinc kinetics and inadequate 
measures of internal dose, there is limited understanding of how site- 
specific zinc conccntration relates to manifestations of deficiency (or 
excess). The estimated absolute absorbed amount of zinc for adults is 
2.5 mg daily. This implies a dietary need at 20% bioavailability of 
12.5 mg daily. As bioavailability increases, the amount needed in the 
diet will decrease. 

10.2.4 Risks of zinc excess 

Toxic effects in humans are most obvious from accidental or 
occupational inhalation exposure to high concentrations of zinc 
compounds, such as from smoke bombs, or metal-fume fever. 
Modern occupational health and safety measures can significantly 
reduce potential exposure. Intentional or accidental ingestion of large 
amounts of zinc leads to gastrointestinal effects, such as abdominal 
pain, vomiting and diarrhoea. In the case of long-term intakes of 
large amounts of zinc at pharmacological doses ( 1  50-2000 mg/day), 
the effects (sideroblastic anaemia, leukopenia and hypochromic 
microcytic anaemia) are reversible upon discontinuation of zinc 
therapy and/or repletion of coppcr status, and are largely attributed to 
zinc-induccd copper deficiency. 

High levels of zinc may disrupt the homeostasis of other 
essential elements. For example, in adults, subtle effects of zinc on 
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copper utilization may occur at doses of zinc near the recommended 
level of intake of 15 mg/day and up to about 50 mg/day. Copper 
requirements may be increased and copper utilization may be 
impaired with changes in clinical chemistry parameters, but these 
effects are not consistent and depend largely upon the dietary intake 
of copper. Distortion of lipoprotein metabolism and concentrations 
associated with large doses of zinc are inferred to be a result of 
impaired copper utilization. In groups with adequate copper intake, 
no adverse effects, with the exception of reduced copper retention, 
have been seen at daily zinc intakes of < 50 mg/day. 

There is no convincing evidence that excess zinc plays an 
etiological role in human carcinogenesis. The weight of evidence 
supports the conclusion that zinc is not genotoxic or teratogenic. At 
high concentrations zinc can be cytotoxic. 

10.3 Evaluation of effects on the environment 

10.3.1 Environmental risk assessment 

The science of performing environmental risk assessments has 
evolved rapidly in recent years with standardized techniques being 
adopted in both the USA and Europe (US EPA, 1992 and OECD, 
1995). The key components of environmental risk asscssment are: 
problem formulation, analysis, and risk characterization. 

Problem formulation (i.e,, hazard identification) consists of 
identifying and defining the risk problem, assessing the population, 
community or ecosystem at risk, establishing the model for 
evaluating the potential for risk, and selecting the biological end- 
points and environmental media to be analysed. The analysis phase 
consists of assessments of exposure and effects. The exposure 
assessment involves detailed studies to characterize the spatial and 
temporal concentrations of the chemical of interest. Effects 
assessment involves a series of standardized laboratory and, in some 
cases, field studies, and is performed to evaluate the dose-response 
curve for selected toxic end-points and species of interest. In the risk 
characterization phase, the exposure and effects data are integrated, 
the potential for co-occurrence of organism and contaminant is 
determined, and a conclusion is drawn about the potcntial for risk. 
The risk statement can be made in terms of a probability statement, 
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frequency or time effects are expected to occur, or number of species 
to be affected. Risk is assessed by determination of the adequacy of 
the margin of safety between effects and exposure concentrations 
and expert judgement is typically used to determine the acceptability 
of the perceived margin of safety. General consensus exists that the 
larger the margin of safety the lower is the environmental risk. 
Margins of safety of < 1 .O are usually indicative of a higher potential 
for risk and may require further evaluation. 

10.3.2 Components of risk assessment for essential elements 

For essential elements, the principal components of risk 
assessment are exposure and effects assessments. Environmental 
exposure has been assessed by reviewing the fate (transport, 
distribution and behaviour) of the element from the point of release 
into and through the environmental compartments of air, water 
soil/sediment and biota. Effects assessment involves toxicity tests 
conducted on representative species of the trophic levels in the 
ecological community of interest, including algae and plants 
(primary producers), aquatic and terrestrial invertebrates (secondary 
producers) and fish and terrestrial animals (consumers). 

For essential micronutrients, a lower limit exists below which 
deficiency will occur as illustrated in Fig. 1 .  This well-established 
concept is applicable at both the population and the community 
level. Deficiency as well as toxicity must therefore be considered 
when assessing environmental risk Within the homeostatic zone, 
organisms regulate their uptake andor  compartmentation of zinc to 
maintain optimal life conditions without any stress occurring. 
Outside this zone, adaptation may occur. 

There is a diversity of habitat types in both aquatic and terrestrial 
environments with different optimal concentration ranges. Because 
zinc is ubiquitous, i t  is unlikely, except in some terrestrial regions, 
particularly agricultural regions where zinc concentrations are very 
low or where antagonistic nutrient interactions occur, that deficiency 
in the environment will be a significant issue. However, the use of 
large safety factors in procedures to limit exposures to below toxic 
levels might result in target concentrations below essential levels. 

One of the key questions in ccotoxicology is the extent to which 
laboratory tests under controlled conditions are predictive of effects 
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that will be seen in the environment. Traditional toxicity testing has, 
in the past, focused on the acute and chronic effects of chemicals on 
the life stages of aquatic and terrestrial organisms. The integration of 
environmental chemistry and toxicology has allowed a better 
prediction of the effects of  metals on organisms in the environment. 
This has led to the now accepted view that the total concentration of 
an essential element such as zinc in an environmental compartment 
is not a good predictor of its bioavailability (section 4.2). Since site- 
specific parameters control the bioavailability of essential elements, 
these parameters must be included in the risk assessment. 

Organisms may also develop tolerance on a local scale by 
acclimatization (physiological behaviour) and adaptation (genetic 
changes) towards higher as well as lower concentrations. Because of 
such tolerance, the test-derived toxicity values may be lower or 
higher than the values for the same species from an adapted 
population. 

10.3.3 Environmental risk assessment for zinc 

There are limited data available for performing a detailed 
assessment of the potential risk for zinc for each environmental 
medium (air, water, soil, sediment). The largest data set is reported 
for the aquatic environment. The aim of this section is to provide an 
evaluation of the available biological effects and exposure data for 
various organisms and media consistent with this risk paradigm, and 
describe ranges of concentrations for which the potential for risk 
increases. 

10.3.3. I Environmental concentrations 

Zinc is released to the environment from natural and 
anthropogenic sources. On a global scale, emissions from these 
sources are similar in magnitude. Howevcr, on a local scale 
anthropogenic sources may dominate. 

The fate of zinc in the environment is largely determined by 
sorption processes. Zinc bioavailability is determined by a set of 
physicochemical and biological parameters as discussed in Chapter 
4. Zinc occurs ubiquitously in environmental samples, although the 
concentration is determined by several factors, such as the local 
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geological and anthropogenic influences. Natural background total 
zinc concentrations are as follows: 

air up to 300 ng/m3 
fresh water < 0.1-50 pg/litre 
seawater < 0.002-0.1 pg/litre 
sediments up to 100 mg/kg dw 
soil 1 &300 mg/kg dw 

Higher zinc concentrations can be attributed to anthropogenic 
contamination, although natural processes (both abiotic and biotic) 
can contribute to localized high zinc concentrations. Total zinc 
concentrations in fresh and estuarine waters have been reported to be 
up to 3900 and 15 pg/litre, respectively. Zinc concentrations of up to 
35 000 mg/kg dw have been reported in soil. In mineralized areas 
these values can be exceeded. 

10.3.3.2 Overview of toxicity data 

The toxicity of zinc to aquatic organisms is affected by factors 
such as temperature, hardness, pH and dissolved organic carbon. 
Overall the data are very variable (see chapter 9). Table 45 
summarizes minimum effects threshold data. Only data that met the 
acceptability criteria given in chapter 9 are included. I t  should be 
noted that none of the aquatic plant toxicity data contained in chapter 
9 met those criteria. Thus, aquatic plants are not included in the 
table. A dissolved zinc concentration of 20 pg/litre has been shown 
to have adverse effects on freshwater organisms in soft water 
(hardness < 100 mg/litrc, CaC03). In hard water (hardness > 100 
mg/litrc, CaC03), adverse effects have been reported at dissolved 
zinc concentrations of 90 pg/litre. In the marine environment, 
dissolved zinc concentrations of 100 &litre have been shown to 
have adverse cffccts. Zinc deficiency in aquatic organisms in the 
open ocean has been reported. 

The toxicity of zinc to terrestrial organisms is similarly 
dcpcndent upon its bioavailability, which in turn is determined by 
various factors such as the speciation of zinc, and the 
physicochemical and biological characteristics of the soil. The 
bioavailable fraction of zinc in soil has been calculated to range from 
< 1% to 10% of the total zinc concentration. Zinc has to be in a 
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Table 45. Minimum thresholds for adverse effects of 
dissolved zinc on aquatic organisms 

Concentration of Effects in fresh waters Effects in marine 
dissolved zinc waters 
(pgllitre) 

20-50 

50-1 00 

100-200 

200-1 000 

1000-10000 

chronic effects on cladocerans in 
sofl water’ 

chronic effects on cladocerans in hard 
water; acute effects on cladocerans 
in soft water; acute and chronic effects 
on fish in sofl water; chronic effects 
on freshwater insects 

acute effects on algae; acute effects 
on cladocerans in hard water; chronic 
effects on fish in hard water; chronic 
effects on molluscs 

acute effects on 
mysids 

acute effects on 
fish 

acute effects on 
amphipods; acute 
effects on decapods 

acute effects on 
polychaetes; acute 
effects on molluscs 

acute effects on molluscs; acute 
effects on copepods; acute effects 
on amphipods; acute effects on fish 
in hard water 

a For the purposes of this document, soft water is defined as having a 
hardness (CaC03) of < 100 mgllitre, hard water as having a hardness of 
> 100 mgllitre. 

soluble form to be taken up by plants. Plants may also take up zinc 
that is deposited on the surface of leaves following aerial deposition 
or application of fertilizer. Symptoms of zinc toxicity in plants differ 
from those of zinc deficiency, with coralloid rather than extended 
roots and curled rather than mottled leaves. In the case of zinc 
toxicity, zinc replaces other metals (e.g., iron, manganese) in the 
active centres of enzymes (e.g., hydrolases and haem enzymes). 

Among terrestrial invertebrates, earthworms (Eisenia andr-ei) 
and woodlice (Porcellio scaber) show adverse effects on 
reproduction starting at total zinc concentrations of 560 and 
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1600 mg/kg dw, respectively. For terrestrial vertebrates, only data on 
zinc toxicity through dietary zinc intake are available (see section 
9.1.3.3). 

The adverse effects of zinc must be balanced against its 
essentiality. Zinc is important in enzymes, in the metabolism of 
proteins and nucleic acids, and in the stabilization of biological 
membranes. Zinc deficiency has been reported in a wide variety of 
agricultural plants and animals with severe effects on all stages of 
reproduction, growth and tissue proliferation. An evaluation of zinc 
must therefore take into account the adverse effects of low zinc 
concentrations as well as those attributed to excess zinc. There are 
ranges of optimal concentrations for essential elements such as zinc, 
which are dependent upon species and habitat. The setting of an 
absolute toxic threshold value or minimum toxic concentration is not 
appropriate for such a chemical. Any risk assessment of the potential 
effects of zinc on organisms must also take into account the local 
environmental conditions. 
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11. CONCLUSIONS AND RECOMMENDATIONS 
FOR PROTECTION OF HUMAN HEALTH 

AND THE ENVIRONMENT 

11.1 Human health 

There is a decreasing trend in anthropogenic zinc emissions. 

Many pre-1980 environmental samples, in particular in water 
samples, may have been subject to contamination with zinc 
during sampling and analysis and, for this reason, zinc 
concentration data for such samples should be viewed with 
extreme caution. 

In countries where staple diets are based on unrefined cereals 
and legumes, and intakes of flesh foods are low, dietary 
strategies should be developed to improve the content and 
bioavailability of zinc. 

Preparations intended to increase the zinc intake above that 
provided by the diet should not contain zinc levels that exceed 
dietary reference values, and should contain sufficient copper to 
ensure a ratio of zinc to copper of approximately 7, as is found 
in human milk. 

There is a need for better documentation of actual exposures to 
zinc oxide fume in occupational settings. Workplace concen- 
trations should not result in exposure levels as high as those 
known to have given rise to inflammatory responses in the lungs 
of volunteers. 

The essential nature of zinc, together with its relatively low 
toxicity in humans and the limited sources of human exposure, 
suggests that normal, healthy individuals not exposed to zinc in 
the workplace are at potentially greater risk from the adverse 
effects associated with zinc deficiency than from those 
associated with normal environmental exposure to zinc. 
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11.2 Environment 

Zinc is an essential element in the environment. The possibility 
exists both for a deficiency and for an excess of this metal. For 
this reason it is important that regulatory criteria for zinc, while 
protecting against toxicity, are not set so low as to drive zinc 
levels into the deficiency area. 

There are differences in the responses of organisms to deficiency 
and excess. 

Zinc bioavailability is affected by biotic and abiotic factors, e.g., 
organism age and size, prior history of exposure, water hardness, 
pH, dissolved organic carbon and temperature. 

The total concentration of an essential clement such as zinc, 
alone, is not a good predictor of its bioavailability or toxicity. 

There is a range of optimum concentrations for essential 
elements such as zinc. 

The toxicity of zinc will depend on environmental conditions 
and habitat types. Thus any risk assessment of the potential 
effects of zinc on organisms must take into account local 
environmental conditions. 

257 



12. RECOMMENDATIONS FOR FURTHER 
RESEARCH 

12.1 Zinc status 

There is a need to improve techniques to assess zinc status. 
Current methods such as measurements of serum, plasma and 
leukocyte zinc concentrations are insufficient. Newer approaches for 
consideration might include the use of zinc kinetics as related to 
function, or the identification of enzymes that are dependent on zinc 
and whose changes reflect zinc status as it  relates to function. 

12.2 Functional indices of zinc status 

There is a need for functional indices of zinc status to be 
measured before and after treatment, and in the absence of other 
limiting nutrients. Areas of interest include immune function, 
neuropsychology, dark adaptation, ethanol tolerance, intestinal 
permeability, and growth and body composition. 

12.3 Interactions with other trace elements 

Zinc homeostasis rcquircs much clearer definition in respect of 
both its individual role, and the concurrent role of other ions which 
may be affected by zinc deficiency or excess. In particular, biological 
effects at various ratios of zinc and copper require further 
investigation. Specifically, attention needs to be givcn to life-cycle 
issues in which the relationships between concentrations of the 
metals in organs such as the liver should be related to the dietary 
ratios of these same metals. I t  is also important to determine whether 
the biological end-point is a matter of clinical significance. Data 
defining the amount of zinc that might interfere with copper 
utilization in infants, children and pregnant women are needed. The 
zinc:copper ratio has been shown to induce dyslipidaemias, and 
studies on the cardiovascular consequences of these conditions need 
further investigation. 
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Recommendations for Further Research 

12.4 Supplementation 

As excess zinc impairs utilization of copper and other trace 
elements, research on the potential benefits of adding copper andor  
iron to oral zinc preparations is needed. 

12.5 Occupational medicine 

There is a need to define the NOEL for zinc exposure in 
occupational medicine. 

'12.6 The molecular\ mechanism 

Data on zinc transport by proteins, both into and out of the cell, 
are poorly developed. Further studies on zinc homeostasis and the 
role of metal-binding proteins (including metallothionein) are 
required. 

12.7 Environment 

Work is required to develop and standardize procedures for 
toxicity testing in terrestrial organisms. 

Work is required to understand the homeostatic abilities of 
sensitive indicator organisms, and to determine the boundaries of the 
optimal range for different species in different habitat types. 

Techniques for measuring and predicting bioavailability in 
different media, including robust analytical methods for measuring 
speciation, need to be developed, improved and validated against 
bioassays. 

Important data gaps have been identified including, in particular, 
chronic marine toxicity data and toxicity data for terrestrial plants. 
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RESUME ET CONCLUSIONS 

1. ldentite , proprietes physiques et chimiques 

Le zinc n'existe pas a I'etat metallique dans la nature. II n'est 
present qu'a I'etat divalent (Zn 11). L'ion zinc peut 6tre solvate; sa 
solubilite depend du pH et de I'anion. Le zinc est un element de 
transition capable de former des complexes avec divers ligandes 
organiques. Les composes organozinciques n'existent pas dans la 
nature. 

2. Methodes d'analyse 

Le zinc etant tres repandu dans I'environnement , i l  faut un soin 
particulier pour effectuer les prelevements ainsi que pour preparer et 
analyser les Cchantillons afin d'eviter toute contamination. Dans le 
cas des Cchantillons solides on a le plus souvent recours a une 
mineralisation par des acides concentres assistee par traitement 
microonde. Dans le cas d'kchantillons d'eau, on peut commencer par 
concentrer le zinc au moyen dune extraction par solvant en presence 
d'agents complexants ou dune separation sur resine chelatante. 

Pour le dosage du zinc, on a couramment recours aux methodes 
instrumentales suivantes: spectrometrie d'emission atomique a source 
plasma a couplage inductif, spectrometric d'absorption atomique 
avec four a Clectrodes de graphite, voltamdtrie par redissolution 
anodique et spectrometrie de masse a source plasma a couplage 
inductif. Pour le dosage des faibles quantites on donne la preference 
a la spectromdtrie d'absorption atomiquc avec four a electrodes de 
graphite, a la voltametrie par redissolution anodique et a la spectro- 
metric de masse avec source plasma a couplage inductif. 

En operant de manikrc minuticuse, on parvient a doser le zinc 
jusqu'a des concentrations de 0,006 pg/litrc dans I'eau et de 0,Ol 
mg/kg dans les echantillons solides. 

Pour la recherche et le dosage des diverses espcces chimiques 
presentes dans I'eau (ou spckiation), i l  faut mcttrc en oeuvre I'une 
ou I'autre des techniques de separation indiquees plus haut ou 
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recourir a la differenciation des especes labiles que permet la 
voltametrie par redissolution anodique. 

3. Sources d'exposition humaine et environnementale 

La plupart des roches et de nombreux mintraux renferment du 
zinc. Sur le plan commercial, le minerai le plus important est la 
sphalerite ou blende (ZnS), qui constitue la principale source de zinc 
pour I'industrie. En 1994, la production mondiale de zinc a Cte de 
7 089 000 tonncs et la consommation de zinc metallique a atteint 
6 895 000 tonnes. 

Le zinc est largement utilis6 pour la protection d'autres metaux 
(zingage, galvanisation), en moulage sous pression, dans IC BTP et 
pour la confection d'alliagys divers. Les derives mineraux du zinc ont 
des applications diverses, notamment dans la fabrication d'equipe- 
ments automobiles, d'accumulateurs et de piles seches ou encore 
dans le domaine dentaire, medical ou pour la confection d'objets 
menagers. On utilise les organozinciques comme fongicides,comme 
antibiotiques pour applications locales et comme lubrifiants. 

Vers 100 a 150 "C, le zinc devient malleable et il est alors facile 
de le travailler. Comme il est capable de reduire la plupart des ions 
d'autres metaux, on I'emploie pour la confection d'electrodes dans les 
piles seches ainsi qu'en hydrometallurgie. 

La majeure partie du zinc naturellement present dans I'eau y est 
amenee par I'erosion. Le zinc present dans I'atmosphere par suite de 
processus naturels provient d'emissions ignCes et de feux de for@t. 
Les tmissions d'origine humaine sont du msme ordre de grandeur. 
Les principales sources de zinc dues aux activitks humaines sont 
I'extraction du minerai, la production de zinc, la production de fer et 
d'acier, la corrosion des structures galvanisees, la combustion du 
charbon et de carburants divers, I'elimination et I'incinCration des 
dCchets et enfin I'utilisation d'cngrais et de pesticides a base de zinc. 

4. Transport, distribution et transformation dans 
I'environnement 

Le zinc present dans I'atmosphcre est en majeure partie fixe a 
des particules d'aerosols. La granulomctrie de ces particules dCpend 
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de la source qui les emet. Une importante proportion du zinc libere 
lors de divers processus industriels est adsorbee sur des particules 
suffisamment petites pour ttre respirables. 

Le transport et la distribution du zinc atmospherique varient en 
fonction de la granulometrie des particules et des proprietes des 
composes en cause. Le zinc s'elimine de I'atmosphere en se deposant 
par voie humide ou par voie seche. Le zinc adsorbe sur des particules 
de faible densite et de petit diametre peut ttre en revanche transporte 
sur de grandes distances. 

La distribution et le transport du zinc dans I'eau, les sediments et 
le sol dependent de I'espece chimique en cause et des caractkristiques 
de I'environnement. C'est le pH qui determine principalement la 
solubilite du zinc. Si le pH est acide, le zinc peut &tre present dans 
I'eau sous forme ionique. Si par contre le pH est superieur a 8,0, i I  
pcut y avoir precipitation du zinc. II peut egalement former des 
complexes organique stables, par exemple avec les acides humiques 
et fulviques. La formation de ces complexes augmente la mobilite et 
la solubilite du zinc. Comme i l  est adsorbe sur les argiles et les 
matieres organiques, i l  peu probable qu'il puisse se detacher du sol 
par lessivage. Les sols acides et sablonneux a faible teneur en 
mati6rcs organiques ne sont guere capables dc rctcnir IC  zinc. 

Le zinc est un element cssentiel et sa concentration in vivo est 
donc regulee chez la plupart des etres vivants. Les animaux 
aquatiques ont tendance a IC prklever dans I'eau plut6t que dans leur 
nourriture. Pour &tre biodisponible, le zinc doit obligatoirement Etre 
en solution et sa biodisponibilite depend des caractkristiques 
physiques et chimiques de I'environnement et des processus bio- 
logiques. Toute evaluation d'ordre 6cologiquc doit donc se faire site 
par site. 

5. Concentrations dans I'environnement 

Le caractere ubiquitaire du zinc le fait se retrouver dans un peu 
tous les echantillons d'origine biologique ou environnementale. Sa 
concentration dans Ics sediments et dans I'eau douce est fortement 
influencee par les conditions geologiqucs et anthropogeniques 
locales et elk varie donc dans de larges proportions. La 
concentration totale naturellc du zinc se situe en general autour de 
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< 0,l-50 pg /litre dans les eaux douces, de 0,002-0,l pghtre  dans 
I'eau de mer, de 10-300 m g k g  (poids sec) dans les sols; elk peut 
aller jusqu'a 300 mg/ kg (poids sec) dans les sediments et jusqu'a 
300 ng/m3 dans Yair. Des concentrations plus elevees peuvent &tre 
attribuces a la presence naturelle de minerais enrichis en zinc, a des 
sources anthropogeniques ou encore a des processus biotiques ou 
abiotiques. Les Cchantillons dont la teneur en zinc s'explique par la 
presence de sources anthropogeniques, peuvent en contenir jusqu'a 
4 mg/litre (eau), 35 g/kg (sol), 15 pg/litre (eaux estuarielles) ou 
8 pg/m3 (air). 

Chez les organismes representatifs, on observe des concen- 
trations de zinc comprises entre 200 et 2000 mg/kg en cas 
&exposition au zinc present dans I'eau. 

Chez les vkgetaux et les animaux, la teneur en zinc est plus 
elevke a proximite des sources de pollution anthropogeniques. Les 
variations de teneur sont importantes d'une espece a I'autre; la teneur 
peut varier, par exemple, en fonction du stade evolutif, du sexe, de la 
saison, du rCgime alimentaire et de I'iige. Dans la plupart des 
cultures et des plturages, la concentration normale du zinc se situe 
dans la fourchette 10-100 mg/kg de poids sec. Certaines plantes 
accumulent le zinc, mais dans une proportion qui depend de la nature 
du sol et dcs caractcristiques de la plante. 

La quantite dc zinc inhalee avcc I'air ambiant est negligeable, 
mais sur les lieux de travail, I'exposition aux poussieres et vapeurs 
contenant du zinc peut varier dans d'importantes proportions. 

5.1 Apport chez I'Homme 

On estime que I'apport de zinc total d'origine alimentaire est de 
5,6 a 10 mg par jour pour les nourrissons et les enfants de 2 mois a 
1 1  ans, de 12,3 a 13,O mg par jour pour les jeunes de 12 a 19 ans et 
de 8,8 a 14,4 mg par jour pour Ies adultes de 20 a 50 ans. L'apport 
joumalier moyen par I'eau de boisson est estimc a moms de 0,2 mg. 

Les valeurs de reference pour I'apport de zinc d'origine 
alimentaire varient cn fonction des habitudes alimentaires du pays, 
des hypothese formulces au sujet de la biodisponibilite du zinc 
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present dans les aliments et Cgalement de I'iige, du sexe et de I'Ctat 
physiologique des sujets. Ces valeurs se situent dans les fourchettes 
suivantes: 3,3 a 5,6 mg par jour pour les nounissons de 0 a 12 mois, 
3,s a 10,O mg par jour pour Ies enfants de 1 a 10 ans et 8,7 a 15 mg 
par jour pour les adolescents de 1 1  a 18 ans. Pour les adultes, les 
valeurs vont de 6,7 a 15 mg par jour dans la tranche d'iige 19-50 ans, 
a 7,3-15 mg par jour chez la femme enceinte- en supposant un 
regime alimentaire offrant une biodisponibilite moyenne- et a 
11,7-19 mg parjour chez la mere allaitante, selon le stade. 

6. Cinetique et metabolisme chez I'Homme et les 
animaux de laboratoire 

Des etudes portant sur I'exposition au zinc par la voie 
respiratoire (par le nez uniquement) de cobayes, de rats et de lapins 
ont montre que le taux de retention pulmonaire Ctait de 5 a 20% 
apres exposition a des aerosols d'oxyde de zinc a la concentration de 
5-12 mg/m' pendant 3 a 6 heures. Dans I'intestin, I'absorption du 
zinc s'effectue selon un mecanisme homeostatique qui n'est pas 
encore completement elucidi, mais qui est sous la dCpendance des 
secretions pancreatiques et intestinales ainsi que de I'excrktion par la 
voie fkcale. I I  est possible que cette homeostase fasse intervenir des 
metalloproteines comme la mCtallothioneine et la proteine intestinale 
riche en cysteine. D'autres mdcanismes de nature inconnue peuvent 
egalement etre A I'oeuvre. Au niveau de la muqueuse intestinale, la 
resorption peut se faire par transport actif ou passif. Chez I'animal, 
la resorption du zinc peut osciller entre 10 et 40%, selon I'etat 
nutritionnel et la presence d'autres ligandes dans I'alimentation. La 
resorption du zinc par la voic percutanec peut s'pperer en presence 
doxyde ou de chlorure de zinc et clle augmente en cas de carence 
zincique. Une fois absorbe, le zinc se depose principalement dans les 
muscles, les os, le foie, le pancreas, les reins et d'autres organes. La 
demi-vie biologique du zinc est de 4 a 50 jours chez le rat, selon la 
dose administree, et e l k  est d'environ 280 jours chez I'Homme. 

7. Effets sur les animaux de laboratoire 

Le zinc a une faible toxicite aigue pour les rongeurs, la valeur de 
la DLSo allant de 30 a 600 mg/kg de poids corporel, en fonction de la 
nature du sel de zinc administre. Apres inhalation ou instillation 
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intratracheenne de composes du zinc, on a observc des effets aigus 
tels qu'une detresse respiratoire, un oedkme pulmonaire et une 
infiltration leucocytaire du parenchyme pulmonaire. 

Chez des rongeurs brievement exposes par voie orale a des 
composes du zinc, on peut observer les effets toxiques suivants : 
faiblesse, anorexie, anemic, ralentissement de la croissance, depi- 
lation, moindre assimilation des aliments ainsi qu'une modification 
du taux des enzymes hepatiques et skriques, des anomalies 
morphologiques et cnzymatiques dans I'encephale et des anomalies 
histologiques et fonctionnelles au niveau renal. Le seuil dapparition 
des effets indesirables a et6 fixe a environ 160 m g k g  p.c. chez le rat. 
Chez des veaux exposes a une forte concentration de zinc dans leur 
alimentation, on a observe des anomalies pancrkatiques. Une 
exposition de breve duree par la voie respiratoire a des concen- 
trations d'oxyde de zinc 2 5,9 mg/m3 a provoque une inflammation 
et des lesions pulmonaircs chez des cobayes et des rats. 

Une exposition de longue duree par voie orale a des dkrives du 
zinc a permis de constater que les organes cibles de I'action toxique 
de cet Clement sont IC systcmc himopoietique chez le rat, le furet et 
le lapin; le rein chez I C  rat et le furet, et le pancrkas chez la souris et 
le furet. La dose sans cffct observable (NOEL)- en prenant en 
comptc I'effet sur la croissance et I'anemie. imputables a la presence 
de sulfate de zinc dans I'alimentation- a Ctd trouvcc inferieure a 
100 mg/kg chez le rat. Chez les animaux de laboratoire exposes au 
zinc, on peut observcr que I'augmentation de la conccntration de cet 
element dans I'organismc s'accompagne d'unc diminution de la 
concentration du cuivre, ce qui incite a penscr que certains signes de 
toxicite attribues a unc expositjon excessive au zinc pourraient en 
fait s'expliquer par une carence cuprique provoquec par le zinc. Par 
ailleurs, certaines etudes montrent que I'exposition au zinc modifie la 
concentration d'autres metaux essenticls dans I'organisme des 
animaux exposes, notamment celle du fer. De fait, certains signes de 
toxicite observes chcz des animaux exposCs a de fortes concen- 
trations de zinc pcuvent &tre attenues par I'adjonction de cuivre ou de 
fer a I'alimentation. 

A trks forte dose, le zinc est toxiquc pour la souris ct le hamster 
gravides. Des rats qui avaient requ pendant 5 niois unc alimentation 
contenant soit 0,5%, soit I %  de zinc, se sont rcvelds incapables de se 
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reproduire jusqu'a ce que le zinc soit retire de leur nourriture. Chez 
des souris et des rats, on a Cgalement constate qu'une forte teneur en 
zinc de I'alimentation (2000 mg/kg) s'accompagnait d'une augmen- 
tation des risorptions et des mortinaissances; ces effets ont et6 aussi 
observes chez des moutons et des hamsters. Dans une etude au cours 
de laquelle des rats avaient et6 exposes, pendant toute la duree de la 
gestation, a des doses de zinc ne dkpassant pas 150 mg/kg, on a 
egalement constate une augmentation du nombre de risorptions. 
Toutefois, dans une autre etude portant egalement sur des rats, on n'a 
pas observe d'effets deleteres sur le foetus en developpement a la 
dose de 500 mgkg.  Chez des rats, I'administration apres le colt dune  
nourriture contenant 4000 mg de zinc par kg, a emp&chC I'implan- 
tation des ovules. Chez des ratons exposds a des composes du zinc, 
I'elkvation de la concentration de cet eldment s'accompagnait d'une 
reduction de celle du fer et du cuivre. 

Des etudes de gtnotoxicite ont ete effectuies sur divers 
systtmes. Si la plupart des rdsultats se sont revelks nigatifs, 
quelques-uns ont tout de m&me ete positifs. 

Chez I'animal, une carence en zinc se caractkrise par une 
moindre croissance, une perturbation de la rdplication cellulaire, des 
effets indesirables sur la reproduction et sur le developpement - ces 
derniers persistant apres le sewage- et une diminution des reponses 
immunitaires. 

8. Effets sur I'Homme 

Apres exposition unique ou brikvement r6itCrCe a de I'eau ou a 
des boissons contenant I000 a 2500 mg de zinc par litre, des 
symptijmes d'intoxication consistant en debicle gastrointestinale, 
nauskes et diarrhee se sont manifest&. Des symptijmcs analogues, 
mais qui ont parfois abouti a la mort ont CtC signales apres 
administration accidentelle de fortes doses de zinc par voie 
intraveineuse. Chez des insuffisants renaux en dialyse, on a constate 
I'apparition de symptijmes d'une intoxication par le zinc due a 
I'utilisation d'eau conservee dans des reservoirs galvanisks. Ces 
symptijmes Ctaient reversibles puisqu'ils ont disparu lorsque I'eau a 
ete filtree sur charbon actif. 

Chez I'Homme, lorsqu'il y a disproportion entre I'apport de zinc 
et celui de cuivre; il en resulte une carence cuprique qui accroit les 
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besoins de cuivre, en augmente I'excrktion et en rend le bilan 
ddficitaire. On a observe divers effets consecutifs a des apports de 
zinc d'origine pharmacologique, effets qui vont d'une leucopenie et 
dune anemic microcytaire hypochrome a une diminution du taux 
serique des lipoproteines de haute densite. Ces anomalies disparais- 
sent lorsque cesse I'apport zincique avec supplementation cuprique 
concomitante. 

Chez I'Homme, les effets d'une carence en zinc sont nombreux et 
se traduisent notamment par les anomalies suivantes: troubles 
neurosensoriels, oligospermie, alteration des fonctions neuropsycho- 
logiques, retard de croissance, allongement de la duree de cicatri- 
sation, troubles de I'immunite et dermatite. c e s  troubles sont 
geniralement reversibles et cedent a une supplementation zincique. 

I I  n'existe pas d'indice biochimique du bilan zincique qui soit a 
la fois specifique et sensible. La methode la plus fiable pour 
diagnostiquer une carence en zinc consiste a chercher a mcttre en 
evidence une reaction positive a une supplementation zincique dans 
le cadre d'un essai contr81C en double insu (en I'absence dautres 
carences en nutriments limitants). Cette mkthode est longue et 
souvent impraticable, aussi prefere -t-on gkneralement recourir a un 
ensemble d'indices alimentaires, biochimiques ct physiologiqucs. 
Plusicurs valcurs anormales concordantes sont plus fiablcs qu'unc 
seule valeur aberrante pour diagnostiquer une carence en zinc. En 
faisant appel a des indices physiologiques fonctionnels comme la 
croissance, le sens du goCt et I'adaptation a I'obscurite et en les 
complitant par une Cpreuve biochimique (par exemple, le dosage du 
zinc dans le plasma ou les cheveux) on percoit inieux les 
consequences fonctionnelles de la carence que I'on s'efforce de 
determiner. 

L'exposition par la voie respiratoire au chlorure de zinc contenu 
dans les bombes fumigenes utilisees par les forces armees a produit 
les effets suivants: oedeme et fibrose interstitiels, pneumonic, 
oedcme de la muqueuse bronchique, ulcerations et msme mort en cas 
d'extrerne exposition dans un espace confine. Ces effets pourraient 
s'expliquer par la nature hygroscopique et astringente des particules 
libtrees par ces dispositifs. 

L'cxposition professionnelle aux particules finement dispersees 
qui se forment lorsque certains metaux, dont le zinc, sont volatilises, 
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peut conduire a une pathologie aigue qui porte le nom de efievre des 
fondeurs.. Elle se caracterise par des symptBmes divers au nombre 
desquels de la fibvre, des frissons, de la nausec et de la fatigue. C’est 
une affection generalement grave mais passagere et les sujets ont 
tendance a acqukrir une tolerance. En exposant des volontaires a des 
concentrations de zinc de 77 a 150 mg/m3 pendant 15 a 30 minutes, 
on a pu observer chez certains d’entre eux les symptBmes suivants: 
une rdaction inflammatoire marquee liee a la dose avec augmentation 
du nombre de polynucleaires dans le liquide de lavage broncho- 
alveolaire et un accroissement sensible des cytokines. On a signale 
des cas d’asthme professionnel chez des ouvriers travaillant avec des 
fondants pour soudure tendrc, mais les donnees sont insuffisantes 
pour qu‘on puisse invoquer une relation de cause a effet. Un cas rare 
incitant a penser a une telle relation a ete rtcemment observe: il 
s’agissait d’un ouvrier travaillant dans un atelier de galvanisation par 
trempage dans des bains de zinc fondu. 

9. Effets sur les autres Qtres vivants au laboratoire et 
dans leur milieu naturel 

Le zinc joue un rBle important dans la stabilite de la membrane 
cellulaire, dans plus de 300 enzymes et dans le metabolisme des 
proteines et des acides nucleiques. I I  faut faire la part entre les effets 
indesirables du zinc et son caractere d’ilement esscntiel. Des 
carences en zinc ont 6tC observdes chez toutes sortcs de plantes 
cultivees et d’animaux, avec de graves effets a tous les stades de la 
reproduction, de la croissance et de la prolifdration tissulaire. Un 
peu partout dans le monde, les carences en zinc touchant diverses 
cultures ont pour effet d’importantes pertes au niveau des recoltes. 
Dans I’cnvironnement aquatiquc, les carences en zinc son1 rares, 
mais on peut les provoquer experimentalement. 

Des facteurs biotiques ou abiotiques tels que I’lgc et la taille de 
I’organisnie en cause, une exposition antkrieure evcntuelle, la dureti 
de I’eau, le pH, la tencur en carbonc organique dissous ou la 
temperature peuvent influer sur la toxicite du zinc Une approche 
ecochimique et ecotoxicologiquc intkgree a permis une meilleure 
prevision des effets du zinc sur les etres vivants dans leur milieu 
naturel La consequence en a dtc que I’on admet desormais que la 
concentration totale d’un element essentiel comme IC zinc dans tel ou 
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tel compartiment de I'environnemcnt ne pcut, a elk seule, suffire 
pour prCvoir correctement sa biodisponibilitd. 

En ce qui concerne les invertebrds d'eau douce on a obtenu, pour 
le zinc en solution, des valeurs de la toxicite aigue qui vont de 
0,07 mg/litre chez la daphnie a 575 mg/litre chez une espece 
d'isopode. Dans le cas des invertebres marins, les valeurs obtcnues 
vont de 0,097 mg/litre pour une espece de myside a 11,3 mg /litre 
pour une espece de crevette. Les concentrations letales en exposition 
instantantie pour les poissons d'eau douce se situent entre 0,066 et 
2,6 mg/litre; pour les poissons de mer, elks sont comprises entre 
0,19 et 17,66 mghtre. 

On a montre que le zinc a des effets genesiques, biochimiques, 
physiologiques et comportementaux indesirables sur divers organi- 
smes aquatiques. Ces effcts indesirables sc manifestent a partir de 
20 pg/litre. Cependant, la toxicite du zinc pour ces organismes 
depend d'un grand nombre de facteurs comme la temperature, la 
durete et IC pH de I'eau ainsi que des expositions anterieures 
Cventuelle a cet CICment. 

Dune faFon generale, les effets toxiqucs du zinc sur les vdgetaux 
se traduisent par des troubles mdtaboliques differents de ceux que 
I'on observe en cas de carence zincique. Dans le tissu foliairc de la 
plupart des especes vegetales, une concentration de zinc de I'ordre de 
200-300 m g k g  de poids sec constitue un scuil critique pour la 
croissance. 

Les etudes effectukcs sur le tcrrain montrent que les invertebres 
aquatiques, les poissons et les vkgktaux terrestrcs qui vivent a 
proximite de sources de pollution zincique en subissent les effets 
nocifs. Toutefois, les vegetaux terrestres, les algucs, les micro- 
organismes et les invertkbrds qui vivcnt non loin des zones fortement 
pollukes par le zinc, ont acquis unc tolerancc a cet eldment. 

I O .  Conclusions 

10.1 Sante humaine 

Les Cniissions de zinc dues a I'activitd humaine ont tendance a 
diminuer. 
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II est possible qu'un grand nombre d'echantillons - notamment 
des Cchantillons d'eau - prC1evi.s avant 1980 aient Cte contaminks 
par du zinc lors des prklevements et de I'analyse et c'est 
pourquoi la plus grande prudence s'impose concemant les 
valeurs de la concentration. 

Dans les pays ou I'alimentation de base est constituke de 
Iegumineuses et de cCrCales non raffinees et oh la consommation 
de produits carnCs est faible, il faudrait Claborer des strategies 
pour accroitre la teneur en zinc des aliments et la bio- 
disponibilitd de cet element. 

Les preparations qui sont destinees a augmenter I'apport de zinc 
au-dela de I'apport alimentaire ne doivent pas avoir une teneur 
en zinc superieure a la teneur de reference et contenir en outre 
suffisamment de cuivre pour que IC rapport Zn/Cu soit d'environ 
7, comme dans le lait humain. 

I I  faudrait que I'exposition rCelle aux vapeurs d'oxyde de zinc 
sur Ics lieux de travail soit mieux documentee. La concentration 
en oxyde de zinc ne devrait pas y entrainer une exposition aussi 
intense que celle qui provoque une reaction inflammatoire 
pulmonaire chez des volontaires. 

Etant donne que le zinc est un element essentiel, qu'il est 
relativement peu toxique pour I'Hommc et que Ics sources 
d'exposition humaine sont limitdes, i l  apparait que pour des 
sujets en bonne sante qui ne sont pas professionnellement 
exposes cet CICment, le risque d'une carence zincique est 
potcntiellement plus important que celui qui decoule de 
I'exposition ordinaire dans I'cnvironnement. 

10.2 Environnement 

I 

Le zinc est un Clement cssentiel. I I  peut y avoir carence ou au 
contraire exces de ce metal. C'est pourquoi i l  iniporte que la 
reglemcntation relative au zinc, tout en assurant Line protection 
contre ses effets toxiques, n'impose pas des tcneurs trop faibles 
qui pourraient entrainer une carencc zincique. 
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I I  existe des differences dans les rCactions a une carence 
zincique ou a un exces de zinc. 

La biodisponibilite du zinc depend d'un certain nombre de 
facteurs biotiques ou abiotiques comme par exemple E g e  et la 
taille de I'organisme en cause, I'kventualitC d'une exposition 
anterieure, la durete de .l'eau, le pH, la teneur en carbone 
organique dissous et la temperature. 

La concentration totale d'un Clement essentiel tcl que le zinc, ne 
permet pas a elle seule, d'en prCvoir correctement la bio- 
disponibilite ou la toxicitd. 

Pour des ClCments essentiels comme IC zinc, i l  existe une 
fourchette de concentration optimale. 

La toxicite du zinc dipend des conditions environnementales et 
de la nature des biotopes, de sorte que toute evaluation du risque 
relative aux effets potentiels de cet ClCment sur les etres vivants 
doit tenir compte de I'ecologie locale.. 
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1. ldentidad y propiedades fisicas y quimicas 

El zinc metalico no se encuentra de forma natural en el medio 
ambiente. Esta presente solo en estado divalente como Zn (11). El 
zinc ionico sufre solvatacion, dependiendo su solubilidad del pH y 
de la concentracion de aniones. El zinc es un elemento de transicion 
y puede formar complejos con diversos ligandos organicos. En la 
naturaleza no existen compuestos organometalicos de zinc. 

2. Metodos analiticos 

Debido a la ubicuidad del zinc en el medio ambiente, hay que 
prestar especial atencion durante el muestreo, la preparacion y el 
analisis de las muestras para evitar su contaminacion. La preparacion 
de muestras a partir de material solido normalmente requiere la 
mineralizacion con acidos concentrados y con la ayuda de 
microondas. Para las muestras acuosas, se ha utilizado la extraccion 
con disolventes en presencia de sustancias capaces de formar iones 
complejos y la separacion mediante resinas quelantcs para conseguir 
una concentracion previa del zinc. 

Las ticnicas instrumentalcs normalmente utilizadas para la 
determinacion del zinc son: espectrometria de emision at6mica de 
plasma con acoplamiento inductivo, espectrometria de . absorcion 
atomica en homo de grafito, voltametria de arranque anodico y 
espectrometria de masas de plasma con acoplamiento inductivo. Para 
el analisis de concentraciones bajas sc utilizan la espectrometria de 
absorcion atomica en homo de grafito, la voltametria de arranque 
anodico y la espectrometria de masas de plasma con acoplamiento 
inductivo. 

Prestando especial atcncion sc pueden detectar concentraciones 
muy bajas, de hasta 0,006 pg/litro y 0,Ol mg/kg en muestras acuosas 
y solidas, respectivamcntc. 

Los analisis de cspeciacion cn agua requieren la aplicacion de 
tCcnicas de separacion con cualquiera de 10s metodos antes 
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mencionados o la separacion de enlaces labiles mediante voltametria 
de arranque anodico. 

3. Fuentes de exposicion humana y ambiental 

La mayoria de las rocas y muchos minerales contienen zinc en 
cantidades variables. Desde el punto de vista comercial, la esfalerita 
(SZn) es el mineral mas importante y la fuente principal del metal 
para la industria del zinc. En 1994, la produccion de zinc metalico en 
todo el mundo fue de 7 0 8 9 0 0 0  toneladas y su consumo de 
6 895 000 toneladas. 

El zinc se utiliza ampliamente como revestimiento protector de 
otros metales, en la fundicion de color y en la industria de la 
construccion, asi como para aleaciones. Los compuestos de zinc 
inorganic0 tienen varias aplicaciones, por ejemplo de equipamiento 
para el automovil, baterias de acumuladores y pilas secas y 
aplicaciones dentales, medicas y domesticas. Los compuestos 
organicos de zinc se utilizan como fungicidas, antibioticos topicos y 
lubrificantes. 

El zinc se convierte en makable cuando se calienta a 
100-150 "C y entonces se moldea facilmente para dark  distintas 
formas. Es capaz de reducir la mayoria dc 10s otros estados metalicos 
y, por consiguientc, se utiliza como electrodo en pilas secas y en 
hidrometalurgia. 

La emision natural mas importante dc zinc al agua procede de la 
erosion. Las aportaciones naturales al aire sc deben fundamental- 
mente a emisiones igncas y a incendios forestales. Las fuentes 
antropogenicas y naturales son de una magnitud semejante. Las 
principales fuentes antropogknicas de zinc son la extraccion, las 
instalaciones de produccion de zinc, la produccion de hierro y acero, 
la corrosion de estructuras galvanizadas, la combustion de carbon y 
otros combustibles, la eliminacion e incineracion de desechos y el 
us0 de fertilizantes y plaguicidas con zinc. 
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4. Transporte, distribucion y transformacion en el 
medio ambiente 

El zinc se encuentra en la atmosfcra fundamentalmente unido a 
particulas de aerosol. El tamaiio de la particula depende de la fuente 
de emision del zinc. Una proporcion importante del zinc que se 
libera en 10s procesos industriales se adsorbe sobre particulas 
suficientemente pequeiias para quedar en la gama respirable. 

El transporte y la distribucion del zinc atniosfkrico varian en 
funcion del tamafio de las particulas y de las propiedades de 10s 
compuestos de zinc correspondientes. El zinc se elimina de la 
atmosfera mediante deposicion seca y humeda. El zinc que se 
adsorbe sobre particulas con densidad y diametro bajos puede 
recorrer largas distancias. 

La distribucion y el transporte del zinc en el agua, 10s 
sedimentos y el suelo depcnden de las cspecies de zinc presentes y 
de las caracteristicas del medio ambiente. La solubilidad del zinc 
esta en funcion sobre todo del pH. Con valores de pH acido, el zinc 
puede estar presente en la fase acuosa en su forma ionica. A un pH 
superior a 8 puede prccipitar. T a m b i h  puede formar complejos 
organicos estables, por ejcmplo con 10s acidos hiimico y fulvico. La 
formacion de estos compuestos puedc aumentar la movilidad y/o la 
solubilidad del zinc. No es probable la Iixiviacion del zinc a partir 
del suelo, debido a su adsorcion sobre la arcilla y la materia 
organica. Los suelos acidos y 10s arenosos con un contenido 
organic0 bajo tienen menos capacidad de absorcion. 

El zinc cs un elemento esencial, por lo que la mayoria de 10s 
organismos regulan sus niveles in vivo. El zinc no se bioamplifica. 
Los animales acuaticos lo absorben del agua mas que de 10s 
alimentos. Solo el zinc disuelto tiendc a estar biodisponible, 
dependiendo dicha biodisponibilidad de las caracteristicas fisicas y 
quimicas del medio ambiente y de 10s procesos gcologicos. En 
consecuencia, la evaluacion en el medio ambientc sc dcbe realizar de 
manera especifica para cada lugar. 
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5. Concentracio’nes en el medio ambiente 

El zinc se encuentra en todas partes en muestras del medio 
ambiente y biologicas. Sus concentraciones en 10s scdimentos del 
suelo y en el agua d u k e  dependen en gran medida de influencias 
geologicas y antropogenicas locales, de manera que son muy 
variables. La concentracion natural total de fondo de zinc suele ser 
<0,1-50 pg/litro en el agua duke, 0,002-0,l pg/litro en el agua 
marina, 10-300 mg/kg de peso see0 en el suelo, hasta 100 mg/kg de 
peso seco en 10s sedimentos y hasta 300 nglm’ en el aire. Se pueden 
atribuir niveles superiores a la presencia natural de minerales con 
concentraciones elevadas de zinc, a fuentes antropogknicas o a 
procesos abioticos y bioticos. En muestras con contaminacion de 
origen antropoghico, se obtienen concentraciones de zinc de hasta 
4 mg/litro en el agua, 35 g/kg en el suelo, 15 pg/litro en el agua de 
estuarios y 8 pg/m3 en el aire. 

Su concentracion en organismos representativos durante la 
exposicidn al zinc presente en el agua es del orden de 
200-2000 mg/kg. 

Las concentraciones en plantas y animales son mas altas cerca 
de fuentes puntuales antropogenicas de contaminacion por zinc. Las 
variacioncs interespecificas en cuanto al contenido de zinc son 
considerables; 10s niveles intraespecificos varian, por ejemplo, con la 
fase de la vida, el sexo, la estacion, la alimentacion y la edad. Las 
concentraciones normales de zinc en la mayor parte de 10s cultivos y 
pastos son del orden de 10-100 mg/kg de peso seco. Algunas plantas 
acumulan zinc, pero la magnitud de la acumulacion en 10s tejidos 
vegetales varia con las caracteristicas del suelo y de la propia planta. 

Solo se inhalan cantidades insignificantes de zinc del aire 
ambiente, pero es posible la exposicion a una gran variedad de tipos 
de polvo y de vapor de zinc y sus compuestos en el entorno 
ocupacional. 

5.1 Ingesta humana 

La gama estimada de ingesta diaria total de zinc con 10s 
alimentos es de 5,6-10 mg/dia para 10s lactantes y 10s nifios de 
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edades comprendidas entre 10s dos meses y 10s 1 1  afios, de 
12,3-13,O mg/dia para 10s nifios de 12-1 9 arios y de 8,8-14,4 mg/dia 
para 10s adultos de 20-50 afios. La ingesta diaria media de zinc con 
el agua de bebida se estima en <0,2 mg/dia. 

Los valores de referencia del zinc en 10s alimentos varian segun 
10s habitos alimcntarios del pais, las hipotesis sobre la 
biodisponibilidad del zinc en 10s alimentos y la edad, el sex0 y las 
condiciones fisiologicas. Los valores de referencia en 10s alimentos 
oscilan entre 3,3 y 5,6 mg/dia para 10s lactantes de 0-12 meses, entre 
3,8 y 10,O mg/dia para nifios de 1-10 afios y entre 8,7 y 15 mg/dia 
para 10s adolesccntes de 11-18 afios. Para 10s adultos, 10s valores 
varian entre 6,7 y 15 mg/dia para las edades de 19-50 afios, entre 7,3 
y 15 mg/dia durante la gestacion, suponiendo un consumo de 
alimentos con una disponibilidad moderada de zinc, y entre I1,7 y 
19 mg/dia durante la lactacion, dependiendo de la fase. 

6. Cinetica y metabolismo en animales de laboratorio y 
en el ser humano 

En estudios de inhalacion (solamente nasal) rcalizados con 
cobayas, ratas y conejos sc observaron valores de retencion del 
5%-20% en el pulmon tras la exposicion a aerosoles de oxido de 
zinc a una conccntracion de 5-12 mg/m’ durante 3-6 horas. La 
absorcion intestinal del zinc esta regulada por un mccanismo 
homeostatico que no sc conoce del todo, pero que depende 
fundamentalmentc de la secrecion pancreatica e intestinal y de la 
excrecion fecal. En la homeostasis puedcn intervenir proteinas 
fijadoras de metales, como por ejemplo la metalotioneina y una 
proteina intestinal rica en cistcina. Tambien pueden existir otros 
mecanismos desconocidos. La absorcion a partir de la mucosa 
intestinal puede entraiiar procesos de transporte tanto activo como 
pasivo. En 10s animales, la absorcion puede variar en la gama del 
10%-40% en funcion de su situacion nutricional y de la presencia de 
otros ligandos en 10s alimcntos. Se puede producir absorcion cutanea 
de zinc a partir del oxido y el cloruro de zinc, siendo mayor en casos 
de deficiencia de zinc. El zinc absorbido se deposita principalniente 
en 10s musculos, 10s hucsos, el higado, el pancreas, cl rifion y otros 
organos. La scniivida biologica del zinc es de iinos 4-50 dias en la 
rata, en funcion de la dosis administrada, y de unos 280 dias en las 
personas. 
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7. Efectos en 10s animales de laboratorio 

La toxicidad aguda por via oral en roedores expuestos al zinc es 
baja, con valores de la DLSo del orden de 30-600 m g k g  de peso 
corporal, en funcion de la sal de zinc administrada. Entre 10s efectos 
agudos en roedores tras la inhalacion o la instilacion intratraqueal de 
compucstos de zinc figuran trastomos respiratorios, edema pulmonar 
e infiltracion de leucocitos en 10s pulmones. 

Los efectos toxicos del zinc para 10s roedores tras una 
exposicion breve por via oral incluyen debilidad, anorexia, anemia, 
disminucion dcl crecimiento, pkrdida de pelo y una utilizacion menor 
de 10s alimentos, asi como cambios en las concentraciones de las 
enzimas del higado y el suero, cambios morfologicos y cnzimaticos 
en el cercbro y cambios histologicos y funcionales en el rifion. La 
concentracion a la cual el zinc no produce sintomas adversos en 10s 
roedores sc ha establecido en unos 160 mg/kg de peso corporal en las 
ratas. Se observaron cambios pancreaticos en crias expuestas a 
concentraciones altas de zinc en 10s alimentos. La exposicion breve 
por inhalacion de cobayas y ratas a concentraciones de oxido de zinc 
35,9 mg/m3 provoco inflamacion y dafio pulmonar. 

La exposicion prolongada por via oral a1 zinc pus0 de manifiesto 
que 10s organos destinatarios de la toxicidad eran en ratas, hurones y 
conejos el sistcma hematopoyktico; en ratas y ratones el rifion; y en 
ratones y hurones el pancreas. Se notific6 una concentracion sin 
efectos observados (NOEL) con respecto a1 crecimiento y la anemia 
para el sulfato de zinc en 10s alimentos < 100 mg/kg en la rata. AI 
aumentar la concentracion de zinc en el organismo de animales 
expcrimentales expucstos a el se produce una reduccion de la 
concentracion de cobrc, lo que parece indicar quc algunos de 10s 
signos de toxicidad atribuidos a la exposicion a concentraciones 
excesivas de zinc podrian deberse a una dcficiencia de cobre 
inducida por el zinc. Ademas, diversos estudios han puesto de 
manifiesto que la exposicion al zinc altcra las concentraciones de 
otros metalcs esenciales en el organismo de 10s animales expuestos, 
incluido el hierro. Algunos signos de toxicidad observados en 10s 
animales expiiestos a concentraciones elevadas de zinc se pueden 
atenuar afiadicndo cobre o hierro a 10s alimentos. 
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Las concentraciones muy altas de zinc son toxicas para 10s 
ratones y 10s hamsteres en gestacion. Las ratas expuestas a un 0,5% y 
un 1% de zinc en 10s alimentos durante cinco meses no pudieron 
concebir hasta que se suprimio el zinc de su alimentacion. Las 
concentracioncs altas de zinc en 10s alimentos (2000 mg/kg) se 
asociaron tambien con un aumento de las resorciones y de 10s casos 
de muerte prenatal en ratones y ratas; este resultado tambidn se ha 
observado en ovejas y hamsteres. Las resorciones aumentaron en un 
estudio en el cual las ratas estuvieron expuestas durante todo el 
period0 de la gestacion a concentraciones bajas de zinc, de apenas 
150 mg/kg. Sin embargo, en otro estudio con ratas no se observaron 
efectos perjudiciales sobre el desarrollo del feto a dosis de 
500mg/kg. Se comprobo que la exposicion despues del coito de 
ratas a concentraciones de zinc de 4000mg/kg en 10s alimentos 
interferia con la implantacion del ovulo. El aumento de la 
concentracion de zinc en crias de ratas expuestas a 61 provoco una 
reduccion de las concentraciones de cobre y de hicrro. 

Se han realizado estudios de genotoxicidad en diversos sistemas. 
La mayoria de 10s resultados han sido negativos, per0 se han 
notificado algunos positivos. 

La deficiencia de zinc en 10s animales se caracteriza por una 
reduccion del crecimiento y de la replicacion celular, efectos 
reproductivos adversos y cfcctos adversos en el desarrollo, que 
persisten tras el destete, asi como una disminucion de la respuesta 
inmunitaria. 

8. Efectos en el ser humano 

Se han notificado incidentes de intoxicacion con sintomas de 
malestar gastrointestinal, nauseas y diarrea tras una exposicion unica 
o breve a concentracioncs de zinc cn el agua o en bebidas de 
1000-2500 mg/litro. Se han descrito sintomas semejantcs, que 
ocasionalmente provocan la muerte, tras la administracion 
intravenosa inadvertida de grandes dosis de zinc. En pacientes de 
dialisis renal expuestos al zinc mediante el us0 dc agua almacenada 
en compartimcntos galvanizados se han obscrvado sintomas de 
toxicidad del zinc que fueron reversibles al filtrar cl agua por carbon 
activado. 
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Se demostrado que una ingesta desproporcionada de zinc en 
relacion con el cobre induce deficiencia de cobre en las personas, 
provocando un aumento de la necesidad de cobre, mayor excrecion 
de cobre y una situacion de deficiencia de cobre. La ingesta 
farmacologica de zinc se ha asociado con efectos que van desde la 
leucopenia y/o la anemia microcitica hipocromica hasta la 
disminucion de la concentracion de lipoproteinas de aka densidad en 
el suero. Estas condiciones fueron reversibles al interrumpir la 
terapia de zinc y administrar un suplemento de cobre. 

Los efectos en la salud humana asociados con la deficiencia de 
zinc son numerosos y entre ellos figuran cambios neurosensoriales, 
oligospermia, alteracion de las funciones neurosicologicas, retraso 
del crecimiento, retraso de la cicatrizacion de las heridas, trastornos 
inmunitarios y dermatitis. Estas condiciones generalmente son 
reversibles cuando se corrigen con la administracion de zinc 
suplementario. 

No hay un indice bioquimico unico, especifico y sensible de la 
situacion con respecto al zinc. El mCtodo mas fidedigno para detectar 
su deficiencia es obscrvar una respuesta positiva a un suplemento de 
zinc en ensayos doble ciego controlados (en ausencia de otras 
deficiencias limitantes de nutrientes). Sin embargo, cste mdtodo es 
lento y con frecuencia poco practico y en general sc prcfiere la 
dcterminacion de una combinacion de indices alimentarios, 
bioquimicos y fisiologicos funcionales. Varios valorcs anormales 
concordantes son mas fidedignos que un valor aislado anomalo en el 
diagnostic0 de un estado de deficiencia de zinc. La inclusion de 
indices fisiologicos funcionales, como el crecimiento, la agudeza 
degustativa y la adaptacion a la oscuridad con una prueba bioquimica 
(por ejemplo, la concentracion de zinc en el plasma o en el pelo), 
permite evaluar el alcance de las consecuencias funcionales de la 
situacion de deficiencia de zinc. 

La exposicion al cloruro de zinc por inhalacion tras el LISO militar 
de “bombas de humo” produjo efectos como edema intersticial, 
fibrosis intersticial, neumonitis, edema de la mucosa bronquial, 
ulceracion e incluso la muerte en condiciones extremas de 
exposicion en espacios cerrados. Estos efectos posiblcmente son 
atribuibles al caracter higroscopico y astringente de las particulas 
liberadas por tales dispositivos. 
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La exposicion ocupacional a la materia particulada finamente 
dispersa que se forma cuando se volatilizan cicrtos metales, entre 
ellos el zinc, puede provocar una enfermedad aguda denominada 
“fiebre de 10s fundidores”, caracterizada por divcrsos sintomas, 
como por ejemplo fiebre, escalofrios, disnea, nauseas y fatiga. El 
trastomo es generalmente grave pero transitorio, y las personas 
tienden a adquirir tolerancia. La exposicion de voluntarios a 
concentraciones de zinc de 77-1 50 mg/m3 durante 15-30 minutos 
dio lugar a un aumento de 10s sintomas en algunos de ellos, una 
acusada respuesta inflamatoria relacionada con la dosis, con aumento 
de 10s linfocitos polinucleares en el fluido de lavado 
bronquioalveolar, y un aumento acentuado de la citoquinesis. Se ha 
notificado asma ocupacional en personas que trabajan con fundentes 
para soldadura blanda, per0 las pruebas no fucron suficientes para 
indicar una relacion causal. Hace poco se ha diagnosticado un cas0 
raro que parece indicar una relacion de ese tipo en un trabajador de 
una instalacion de galvanizacion por inmersion en caliente (zinc). 

9. Efectos sobre otros organismos en el laboratorio y 
sobre el terreno 

El zinc es importante para la estabilidad de las mcmbranas, en 
mas de 300 enzimas y en el metabolism0 de las proteinas y 10s 
acidos nucleicos. Hay que encontrar un cquilibrio entre 10s efectos 
adversos del zinc y su caracter esencial. Sc ha notificado deficiencia 
de zinc en una aniplia variedad de plantas cultivadas y animales, con 
efectos graves en todas las fases de la reproduccion, el crecimiento y 
la proliferacion tisular. Las deficiencias de zinc en diversos cultivos 
han producido pkrdidas importantes en todo el mundo. La deficiencia 
de zinc es rara en 10s organismos acuaticos del medio ambiente, pero 
se puede inducir en condiciones experimentales. 

En la toxicidad del zinc pueden influir factores tanto bioticos 
como abioticos, como la edad y el taniafio del organismo, la 
exposicion anterior, la dureza del agua, el pH, el carbono organic0 
disuelto y la temperatura. La integracion de la quimica y la 
toxicologia en el medio ambiente ha permitido predecir mejor 10s 
efectos en 10s organismos presentes en 61. Esto ha llcvado al punto 
de vista actualmente aceptado de que la concentracion total de un 
elemento esencial como el zinc en un compartimento del medio 
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ambiente no es, considerada de manera aislada, un buen indicador de 
su biodisponibilidad. 

Los valores de la toxicidad aguda del zinc disuelto para 10s 
invertebrados de agua duke  oscilan entre 0,07 mg/litro para la pulga 
de agua y 575 mg/litro para un isopodo. Los valores de la toxicidad 
aguda para 10s invertebrados marinos varian entre 0,097 mg/litro 
para un misido y 11,3 mg/litro para el camaron de fangal. La 
concentracion letal aguda para 10s peces de agua duke  es del orden 
de 0,066-2,6 mg/litro; la gama para 10s peces marinos es de 
0,19-17,66 mg/litro. 

Se ha demostrado que el zinc tiene efectos reproductivos, 
bioquimicos, fisiologicos y de comportamiento advcrsos en diversos 
organismos acuaticos. Se ha puesto de manifiesto que las 
concentraciones de zinc >20 pg/litro tienen efectos adversos en 10s 
organismos acuaticos. Sin embargo, la toxicidad del zinc para tales 
organismos depende de numerosos factores, por ejemplo la 
temperatura, la dureza y el pH del agua y la exposicion anterior al 
zinc. 

En general, la toxicidad del zinc en las plantas provoca 
trastornos en el metabolismo que son diferentes de 10s que produce 
su deficiencia. La concentracion critica de zinc en el tejido foliar 
para un efecto sobre el crecimiento varia en la mayoria de las 
especies de 200 a 300 m g k g  de peso scco. 

En estudios sobre el terrcno se han detectado efectos adversos en 
10s invertebrados acuaticos, 10s pcces y las plantas tcrrcstres en las 
cercanias de fuentes de contaminacion por zinc. Se ha observado la 
aparicion de tolerancia al zinc en plantas terrestres, algas, 
microorganismos e invertebrados de las cercanias de zonas con 
concentraciones elevadas de zinc. 

I O .  Conclusiones 

10.1 Salud humana 

Hay una tendencia decreciente en las emisiones antropogenicas 
de zinc. 
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Muchas de las muestras del medio ambiente tomadas antes de 
1980, en particular las muestras de agua, pueden haber 
experimentado una contaminacion por zinc durante el muestreo 
y el analisis, por lo que habria que tomar con precaucion 
extremada 10s datos sobre la concentracion de zinc en esas 
muestras. 

En 10s paises donde 10s alimentos basicos consisten en cereales 
y legumbres no refinados y la ingesta de alimentos frescos es 
baja, se deberian formular estrategias alimentarias para mejorar 
el contenido y la biodisponibilidad de zinc. 

Las preparaciones orientadas a aumentar la ingesta de zinc por 
encima de la proporcionada mediante 10s alimentos no deberian 
contener concentraciones de zinc que superasen 10s valores de 
referencia para la alimentacion y debcrian contener una 
concentracion suficiente de cobre para garantizar una razon 
zinc:cobre aproximada de 7, como en la leche humana. 

Es necesario documentar mejor las exposiciones, reales a1 hum0 
de oxido de zinc en el entorno ocupacional. Las concentraciones 
en el lugar de trabajo no dcberian producir niveles de exposicion 
tan altos como 10s que se sabe que dieron lugar a respuestas 
inflamatorias en 10s pulmones de 10s voluntarios. 

La naturaleza esencial del zinc, junto con su toxicidad 
relativamente baja para el ser humano y las fuentes limitadas de 
exposicion humana, parecen indicar que las personas normales 
sanas no expuestas al zinc en el lugar de trabajo tienen 
potencialmente un riesgo de sufrir 10s efectos adversos 
asociados con la deficicncia de zinc supcrior a1 que acompaiia a 
una exposicion normal a1 zinc en el medio ambiente. 

10.2 Medio ambiente 

El zinc cs un elcmcnto escncial. Existe la posibilidad tanto de 
una deficiencia como de un exceso de este metal. Por este 
motivo, es importante que 10s criterios de reglamentacion del 
zinc, al mismo tiempo que protegen de la toxicidad, no se 
establezcan en un nivel tan bajo que pueda llevar a la 
deficiencia. 
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Hay diferencias en las respuestas a la deficiencia y al exceso. 

La biodisponibilidad del zinc depende de factores bioticos y 
abioticos, por ejemplo: la edad y el tamario de 10s organismos, el 
historial anterior de cxposicion, la dureza del agua, el pH, el 
carbon0 organic0 disuelto y la temperatura. 

La concentracion total de un elemento esencial como el zinc por 
si sola no es un buen indicador de su biodisponibilidad o 
toxicidad. 

Hay una gama de concentraciones optimas para 10s elementos 
esenciales como el zinc. 

La toxicidad del zinc dependera de las condiciones ecologicas y 
de 10s tipos de habitat, de manera que en cualquier evaluacion 
del riesgo de 10s efectos potenciales del zinc en 10s organismos 
se deben tener en cuenta las condiciones del medio ambiente 
local. 
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